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ABSTRACT

Measurement of transient surface temperature and heat flux is the major requirement in many
scientific and engineering applications such as design of combustion chamber in internal
combustion engines, design of systems/sub-systems like heat exchanger, steam/gas turbines and
thermal protection systems for high speed flight vehicles. In each of the cases, the technique used
for accurate heat fluxes measurement must be suited for transient conditions and must have a fast
enough response time to trace variations caused by rapidly change in flow conditions. Moreover,
there are certain practical situations in which it may not be feasible to keep the thermal sensors
exactly on the surface rather they are measured at some interior points inside the medium. For
any case, the surface heat fluxes are mostly predicted from the measured temperature histories.
The surface heat transfer mapping technique uses very fast response sensors to capture the
transient temperature variations and subsequently, the heat fluxes are obtained through
appropriate heat transfer modelling. Thus, the estimation of proper temporal nature of heat load
and precise quantification of heat fluxes are the roots of a typical temperature sensor during
transient measurements.

Thin film gauges (TFGs) and coaxial thermocouples are resistance temperature detector
sensors, suitable in measuring highly transient surface temperatures because the response time of
these sensors are in the range of microseconds. The transient measurement of temperatures is
usually performed by mounting these sensors embedded inside the heated material surface. The
surface heat fluxes are then estimated from the measured temperature history through one-
dimensional analytical heat transfer modelling. Thin film heat transfer gauges are generally made
out of temperature sensitive materials (platinum/nickel/silver) and deposited on an insulated
substrate material (pyrex/quartz/macor). The temperature sensing materials are normally

vii
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available in the form of paste/ink form and are used to prepare thin film on the substrate material.
Moreover, their resistances are extremely sensitive to temperature that varies linearly with
temperature. The importance of thin film sensors for prediction of transient heat flux
measurement have been highlighted by many researchers. However, when it is desired to have
measurement of small order of magnitude of heat flux (~1 W/m?), the accuracy becomes an
issue. It is mainly because of the limitations in thermal properties of gauge material and its
sensitivity. With recent advances in nano-technology, it is possible to enhance the thermal
properties by mixing nano-particles into the gauge materials i.e. platinum/nickel/silver.
Dispersion or suspension of nano-particles of high thermal conductivities into base materials
gives rise to higher thermal conductivity of the mixtures thereby increasing the heat transfer
coefficient. Carbon nano tubes (CNTs) are a new form of materials are found to be most
effective nano-particles because of their unique thermal conductivity (3000W/mK), chemical
stability, excellent electrical conductivity, high surface area and strong mechanical strength
associated with high aspect ratio (~ 2000). So, the substantial thermal property enhancement is
expected when CNT materials (typically sizes of 1-100nm) are added to the base material
(platinum/nickel/silver).

In coaxial thermocouples, two dissimilar metals are joined together to form a junction
and when exposed to a temperature gradient, a corresponding voltage is generated (Seebeck
effect). This is in contrast to the thin film gauges which require a current source to record the
voltage change and thus considered as passive devices. The coaxial thermocouples are generally
fabricated by one thermocouple element is swaged over the second element with an insulating
material in between with a typical thickness of about in micrometers. The thermocouple junction

is simply formed by grinding its front surface with sandpaper. The micro-scratches generated by

viii

TH-1195_08610309



this process form the active junction of the thermocouple and it represents a very small amount
of active mass resulting in a short response time. The voltage difference generated can then be
measured and related to the corresponding temperature gradient with respect to a known
reference temperature.

The present work mainly involves the design, fabrication and analysis of different types
of heat transfer gauges in the laboratory. In this work, three type’s thermal sensors (platinum
material based, platinum/nano materials based and coaxial thermocouple) have been fabricated.
In case of thin films, the high conducting (sensing element) platinum material is deposited as a
film over the surface of pyrex and macor (low conducting substrate material). The thermal
conductivity plays an important role in the development of heat transfer sensors. So, this work
also involves re-fabrication of thin film gauges by mixing high thermal conducting CNTs nano
materials into the base fluid (i.e platinum) material of the heat transfer gauge. The effective
thermal conductivity of the mixtures calculated from the empirical equation and it is found that
thermal conductivity of the base material improves significantly. After successful fabrications of
heat transfer gauges these sensors are calibrated for temperature as well as and heat fluxes in
different types of simple laboratory instruments. An oil bath experimental setup is used to check
linearity between changes in voltage with change in temperature and calculate thermal
coefficient of resistance as well as sensitivity of each handmade thermal sensor. In radiation and
conduction based dynamic calibration technique, step heat loads of known input wattage are
applied on the sensing area of the gauges. Then, outputs from the gauges are measured with the
help of transient temperature signal measuring instruments. For the known heating load,
temperature signal are also predicted using one dimensional transient heat conduction solver

using ANSYS. The temperature histories obtained using experimental, numerical and analytical
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analysis shaved almost same results. However, minor difference is observed when the simulated
temperature signals are compared with the experiments. It could be due to the use of standard
thermal properties for platinum and pyrex materials during simulation. Recorded transient
temperature data is processed for estimation of input heat fluxes using various numerical and
analytical models. The average value of uncertainty between input heat flux and measured heat
fluxes calculated for platinum TFGs, nanomaterial based platinum TFGs and coaxial
thermocouple are found to be 1.6%, 2.4% and 4.1%, respectively.

The measurement of stagnation point heating rates is also very important because it is a
point where maximum amount of heat fluxes are generated compared to the other locations when
the flow is brought to rest by any obstructing medium. An experimental setup is fabricated for
this purpose to generate heated air jet moving at sonic speed. Also, separate stagnation probes
with thin film gauges with necessary instrumentations are designed and fabricated. All the
handmade gauges prepared are exposed to this flow environment and the corresponding
temperature histories are captured and subsequently the surface heat fluxes are calculated. Also,
the numerical technique (FLUENT CFD) is used to compare the experimental results with
reasonable accuracy (+ 4%). Thus, the handmade heat transfer gauges can be very useful in the
laboratory experiments. Being small in sizes, all the gauges can be flush-mounted on the
experimental surfaces. High precision, sensitivity and rapid response times are some of the
important advantages that justifies the use of these heat transfer gauges in short duration transient

measurements.
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Chapter - 1
Introduction

Heat transfer is a discipline of thermal engineering that concerns the generation, conversion and
exchange between physical systems. The modes of heat transfer include conduction, convection
and radiation. The quantity of heat transferred between some processes can either be directly
measured or indirectly determined with appropriate modeling. Again the measurements may be
steady or unsteady depending on the nature of process. There are many classical steady/unsteady
modeling techniques for each of the modes of heat transfer in steady/unsteady cases. In all cases,
the temperature measurement is the most vital which in turn used to predict the heat fluxes. In
fact, all the processes in nature changes with time. So, obtaining the transient temperatures in
most of the heat transfer problems is a challenge because of the nature of complication involved
in it. For instance, if it is desired to predict at some interior part of a medium, it may not always
be possible to design a temperature probe that can exactly be exposed to the flow rather the same
can be mounted on the surface and appropriate heat transfer modeling technique can be used to
predict the unknown heat fluxes. The overall objective of this research is to design and fabricate
heat transfer gauges having very short response time. Subsequently, appropriate heat transfer
modeling techniques can be used to predict the heat fluxes. Application of these heat transfer
gauges are intended for short duration high speed flows such as shock tunnels, gun tunnels and
wind tunnels. In this chapter, a brief historical background and some classical measurement
techniques are discussed. Also, the research objectives of the present investigation are

highlighted followed by overall organization of the entire thesis to meet these objectives.
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1.1 Heat Transfer

The word heat transfer is mainly concerned with temperature and flow of heat. The temperature
represents the amount of thermal energy available, while the heat flow represents the movement
of thermal energy from place to place by virtue of temperature difference. In thermodynamic
sense, it is one of the modes of energy transfer and is mainly governed by three fundamental
laws. The zeroth law states that ‘no heat transfer’ takes place when two bodies are in thermal
equilibrium i.e. the bodies are at same temperature. The first law of thermodynamics considers
the law of conservation of energy and provides the basic of studying various forms of energy
transfer and the energy interaction through work or heat. If it is desired to have heat transfer from
a low temperature body to a high temperature body using a cyclic device, then the net effect is to
add energy to the device in the form of work (second law of thermodynamics).

Heat is transferred by three mechanisms: conduction, convection and radiation.
Conduction is the transfer of energy from more energetic particles of a substance to the adjacent
less energetic ones as a result of interaction between particles. Convection is the transfer of
energy between a solid surface and the adjacent moving fluid. Radiation is the transfer of energy
due to electromagnetic wave or photon. All forms of heat transfer may occur in some systems

(Bakken et al. 1974) at the same time as shown in Fig. 1.1.

Heat
< transfer by
radiation

Heat transfer

by convection Heat transfer

by radiation \
N ¥

ST Heat transfer
by conduction

Fig. 1.1: Modes of heat transfer (Bakken et al. 1974)
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1.1.1 Conduction Heat Transfer

Conduction is the transfer of thermal energy between neighboring molecules in a substance due
to a temperature gradient. It always takes place from a region of higher temperature to a region
of lower temperature and acts to equalize temperature differences as shown in Fig. 1.1.
Conduction takes place in all forms of matter means solids, liquids, gases and plasmas but does
not require any types of bulk motion of matter. In solids, it is due to the combination of
vibrations of the molecules in a lattice and the energy transport by free electrons. In gases and
liquids, conduction is due to the collisions and diffusion of the molecules during their random
motion. Conduction is greater in solids (copper, platinum, gold etc.) because the network of
relatively fixed spatial relationships between atoms helps to transfer energy between them by
vibration. This is due to the way that metals are chemically and bonded in a metallic bonds (as
opposed to covalent or ionic bonds) which have free moving electrons and able to transfer
thermal energy rapidly through the metal. The electron fluid of a conductive metallic solid
conducts nearly all of the heat flux through the solid. Electrons also conduct electric current
through conductive solids and the thermal and electrical conductivities of most metals have
about the same ratio. A good electrical conductor, such as copper, usually also conducts heat
well. The See-beck effect exhibits the propensity of electrons to conduct heat through an
electrically conductive solid. Thermoelectricity is caused by the relationship between electrons,
heat fluxes and electrical currents. Heat conduction within a solid is directly analogous to

diffusion of particles within a fluid, in the situation where there are no fluid currents.

1.1.2 Convection Heat Transfer
Heat energy transfers between a solid and a fluid when there is a temperature difference between

the fluid and the solid, is known as convection heat transfer. Generally, convection heat transfer
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cannot be ignored when there is a significant fluid motion around the solid. The temperature of
the solid due to an external field such as fluid buoyancy can induce a fluid motion. It cannot take
place in solids, since neither bulk current flows nor significant diffusion can take place in solids.
Convection is one of the major modes of heat transfer and mass transfer. Convective heat and
mass transfer take place through both diffusion random Brownian motion of individual particles
in the fluid and by advection, in which matter or heat is transported by the larger scale motion of
currents in the fluid. There are many forms of convection such as natural, forced, gravitational,
granular, thermo magnetic, combustion and capillary action effects. Natural or free convection
occurs due to temperature differences which affect the density and thus relative buoyancy of the
fluid. Heavier (more dense) components will fall while lighter (less dense) components rise,
leading to bulk fluid movement. Natural convection can only occur in a gravitational field as
shown in Fig. 1.1. A common example of natural convection is a pot of boiling water in which
the hot and less dense water on the bottom layer moves upwards in plumes and the cool and
denser water near the top of the pot likewise sinks. Natural convection will be more likely and
more rapid with a greater variation in density between the two fluids, a larger acceleration due to
gravity that drives the convection and a larger distance through the convection medium.

In forced convection (also called heat advection), the fluid movement results from
external surface forces such as a fan or pump. Forced convection is typically used to increase the
rate of heat exchange. Many types of mixing also utilize forced convection to distribute one
substance within another. Forced convection also occurs as a byproduct to other processes such
as the action of a propeller in a fluid or aerodynamic heating. The familiar examples of forced
convection are, fluid radiator systems, heating/cooling of parts of the body due to blood

circulation etc. The forced convection produces results more quickly than free convection. For
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instance a convection oven works by forced convection as a fan which rapidly circulates hot air

forces heat into food faster than would naturally happen due to simple heating without the fan.

1.1.3 Radiation Heat Transfer

Thermal radiation is the emission of electromagnetic waves from all matter that has a
temperature greater than absolute zero. It represents a conversion of thermal energy into
electromagnetic energy. Thermal energy is the collective mean kinetic energy of the random
movements of atoms and molecules in matter. Atoms and molecules are generally composed of
charged particles i.e. protons and electrons. Their oscillations result in the electro dynamic
generation of coupled electric and magnetic fields resulting in the emission of photons, radiating
energy and carrying entropy away from the body through its surface boundary. Electromagnetic
radiation or light does not require the presence of matter to propagate and travels in the vacuum
of space infinitely far if unobstructed. The characteristics of thermal radiation depend on various
properties of the surface it is emanating from including its temperature, spectral absorptive and
spectral emissive power as expressed by Kirchhoff's law. Examples of thermal radiation include
visible light emitted by an incandescent light bulb, infrared radiation emitted by animals and
detectable with an infrared camera and the cosmic microwave background radiation.

Thermal radiation is different from convection and conduction. A person near a raging
bonfire feels radiant heating from the fire even if the surrounding air is very cold. Sunlight is
thermal radiation generated by the hot plasma of the sun. Earth also emits thermal radiation but
at a much lower intensity and different spectral distribution because it is cooler. The Earth's
absorption of solar radiation followed by its outgoing thermal radiation is the two most important
processes that determine the temperature of the Earth. If a radiation emitting object meets the

physical characteristics of a black body in thermodynamic equilibrium, the radiation is called
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blackbody radiation. Planck's law describes the spectrum of blackbody radiation which depends
only on the object's temperature. Wien's displacement law determines the most likely frequency
of the emitted radiation while the Stefan Boltzmann law gives the information of radiant
intensity. In engineering, thermal radiation is considered one of the fundamental methods of heat
transfer although a physicist would likely consider energy transfer through thermal radiation a
case of one system performing work on another via electromagnetic radiation and say that heat is

a transfer of energy that does no work.

1.2 Transient State of Heat Transfer

Heat transfer is the exchange of thermal energy from a body at a high temperature to another
body at a lower temperature. This transfer of thermal energy may occur under steady or unsteady
state conditions. Under steady state conditions the temperature within the system at any
particular point does not change with respect to time. Conversely, under unsteady or transient
state conditions the temperature within the system does vary with time. Most of the heat transfer
analysis is based on steady state measurements for which the experiments are performed and the
initial transient is normally neglected. But, if the measurement time scale is small, then system
dynamics becomes important. So, the measurement and prediction of heat transfer/temperature
becomes crucial. Transient heat transfer is used in a variety of broad areas of applications such as
internal combustion engines, gas turbines, aircrafts and aerospace industries etc.

In a non-generating system, the study of conduction heat transfers depends on the
temperature that varies from point to point in the system and but it also undergoes a continuous
change with time at any local point in the system. So, the temperature is a function of time and

space coordinate and is expressed mathematically by the following equation;
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T=1f(xy,z21) (1.1)
The process of transient, three-dimensional thermal heat conduction for a stationary,

incompressible, continuous medium is generally expressed as;

2 2 2
T T aTz(p_cjg 12)

+ +
ox*  oy* or? k ) ot

Where p ¢ and kare density, specific heat and thermal conductivity of the body and
temperature (T ) varies with time (t) inx, y and z coordinate. The solutions of the heat equation

are characterized by a gradual smoothing of the initial temperature distribution by the flow of
heat from warmer to colder areas of an object. Generally, many different states and starting

conditions will tend toward the same stable equilibrium.

1.3 Transient State Temperature Measuring Device

In general, most of the transient devices measure the temperature history during the measurement
time scale and the heating rates are subsequently predicted from these measurements. Some of

these temperature sensors are discussed in this section.

1.3.1 Thermocouple

A thermocouple is a junction between two different metals that produces a voltage related to a
temperature difference as shown in Fig.1.2. They are widely used as the temperature sensor for
measurement/control where the heat energy is converted to electric power. They are quite
inexpensive and are suitable for wide range of temperatures. The main limitation is the accuracy
because it is difficult to achieve the system errors of less than one kelvin (K). Any junction of
dissimilar metals will produce an electric potential related to temperature. So, they are called
active devices because no other instruments are required to supply the power. Thermocouples for
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practical measurement of temperature are junctions of specific alloys which have a predictable
and repeatable relationship between temperature and voltage. Different alloys are used for
different temperature ranges. Thermocouples measure the temperature difference between two
points, not absolute temperature. To measure a single temperature, one of the junctions normally
the cold junction is maintained at a known reference temperature and the other junction is at the
temperature to be sensed. A junction of known temperature, while useful for laboratory
calibration, is not convenient for most measurement and control applications. Hence, the voltage
from a known cold junction can be simulated and the appropriate correction applied. This is
known as "cold junction compensation”. Practical instruments (Data Acquisition System and
Oscilloscope) use electronic methods of cold-junction compensation to adjust for varying
temperature at the instrument terminals for specific thermocouple types (K, T, E). Properties
such as resistance to corrosion may also be important when choosing a new type of
thermocouple. Where the measurement point is far from the measuring instrument, the
intermediate connection can be made by extension wires which are less costly than the materials
used to make the sensor. Thermocouples are widely used in science and industry; applications
include temperature measurement for gas turbine exhaust, diesel engines, and other industrial
processes. For wide range of temperatures, a conventional thermocouple is capable of measuring

steady-state temperatures.

Input Chromel wire —

T

@D —= QOutput

Alume] wire
Fig. 1.2: Schematic diagram of the thermocouple
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1.3.2 Thin Film Gauge

A thin film gauges (TFG) is a resistance temperature detector which is the combination of a high
conducting (sensor) and lower conducting materials (substrate). It operates on the simple
principle that penetration of heat pulse from the high conducting material to the low
conduction one is very small during the time span of the measurement. The thin film (thickness
of gauge film is negligible) is made out of temperature sensitive materials such
(platinum/nickel/silver) and is deposited on an insulated substrate material (pyrex/macor/quartz)
as shown in Fig. 1.3. Since the response time is very small, it allows the measurement of
highly transient surface temperatures, typically, wind tunnel models in impulse facilities, change
of the cylinder wall temperature during one cycle of a piston engine, all types of industrial
applications and research-oriented work where the registration of highly transient temperatures is
of importance. The response time of the TFGs has been proven to be in the range of
microseconds. It is important to note that this strongly depends on the dynamic capabilities of the
electronic equipment (amplifier, A/D conversion, etc.) of the measuring line which usually limits
the achievable response time.

The TFGs are also suitable to measure constant temperatures with time but their superior
field of application is in transient measurements. Given by the physics for highly transient
processes the output of all gauges represents the time dependent temperature of its measuring
part which in this case may significantly deviate from the temperature of the gauge surrounding
heating or cooling environment. For example, in a piston engine a flush wall mounted
temperature gauge registers with its typical response time the variation of the cylinder wall
temperature and not the variation of the average gas temperature within the cylinder. The

measured time dependent surface temperature of the gauge and its known thermal properties
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allow to recalculate the time-dependent heat flux from the heating environment onto the gauge
which caused the temperature change of the gauge. This is accomplished by the theory of heat

conduction into a semi-infinite body.

Input
prmm—= (Fallze material

Substrate
material Silver film

Lead wire

)

Output

Fig. 1.3: Schematic diagram of thin film heat transfer gauge

1.3.3 Coaxial Thermocouple

Heat transfer plays an important role where experimental transient temperature data is needed to
support the design effort. The need of coaxial thermocouple is felt for measuring transient
temperatures in a short time duration flow (few microseconds). It arises in numerous heat
transfer investigations particularly in internal combustion engine cylinder walls, aerodynamics
facilities, gun barrels and in boiling experiments. Because of their simplicity and comparatively
rapid response, fine wire thermocouples are usually employed. However, in certain applications
fine wire thermocouples are unsatisfactory because of their lack of strength and difficulties in
positioning the junction at the point of interest. Furthermore, the minimum size of the junction,

which affects the rate of response, usually is limited to the wire diameter. Coaxial thermocouples
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of E-type and K-type are available for different standard sizes. The special feature results from
its unique design as shown in Fig. 1.4. Here, one thermocouple element is swaged over the
second element with an electrical insulation in between with a typical thickness of about 10pum.
The thermocouple allows a mounting through the wall which is important for the accurate
measurement of a rapidly changing surface temperature. For some applications the wall
temperature is of direct interest. In this case the probe material should have thermal properties
which match those of the surrounding wall as close as possible. This is not a necessary
requirement for determining convective heating rates by performing a fast surface temperature
measurement with the help of a coaxial thermocouple. Usually the thermocouple is fixed in the
wall by gluing at the rear part of the element. Installation by a thread is also possible which is
recommended for higher operating temperatures. It is also possible to have a blind hole in the
test wall to measure the internal material temperature at a known location. There is teflon based
insulation is necessary between the thermocouple and the surrounding wall. Usually, the
thermocouple junction is simply formed by grinding its front surface with sandpaper. The micro-
scratches generated by this process form the active junction of the thermocouple and therewith, it
represents a very small amount of active mass resulting in a short response time. The grinding of
the front surface allows to perfectly fitting it into curved walls.

This method of forming the thermocouple junction makes the gauge very robust and
suitable for the application in harsh environmental conditions. As an example, the impact of high
speed particles transported by a fluid has in general no influence on the operation of the
thermocouple. In case of a failure, grinding of the front surface again activates the thermocouple.
Coaxial thermocouples are one order of magnitude less sensitive as compared to thin film

gauges. But, due to their design, they are, very robust, easy to operate, able to withstand harsh
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environmental conditions in extremely high heat fluxes. This thermocouple can be flush mounted
with the wall surface for the rapidly changing surface temperature. Usually, the thermocouples
are fixed in the wall by gluing at the rear part of the element by a thread is also possible for

higher operating temperatures.

Input
_:////f Alumel
E ff Teflon (Insulation)
Chromel
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Fig. 1.4: Schematic diagram of coaxial thermocouple

1.3.4 Liquid Crystal Thermography

Thermo chromic liquid crystals (TLC) are materials that change their reflected color as a
function of temperature, when illuminated by white light. Hence, they reflect visible light at
different wavelengths. Thermo chromic means thermo-temperature and chromic-color. A bright
and stable white light source is required to obtain accurate and reliable reflected light intensity
from a (TLC) coated surface. The light source must be void of infrared (IR) and ultra-violet
(UV) radiation. Any energy content in the incident light in IR, will cause radiant heating of the
test surface. Extended exposure to UV radiation can cause rapid deterioration of the TLC

surface. This causes the surface to produce unreliable color-temperature response performance.

12
TH-1195_08610309



Consistent light source settings and lighting viewing arrangements between calibration and

actual testing are essential to minimize color-temperature interpretation errors.

1.3.5 Infrared Thermography

Infrared thermography (IRT) for non-destructive evaluation (NDE) is aimed at the discovery of
subsurface features, such as subsurface thermal properties, presence of surface anomalies/defects
etc. The relevant temperature difference also observed and record on the surface with an infrared
(IR) camera, illustrates the general concepts. IRT is deployed along two schemes, passive and
active. The passive scheme tests materials and structures which are naturally at different (often
higher) temperatures than ambient. While in the case of the active scheme, an external stimulus
is necessary to induce relevant thermal contrasts, which are not available otherwise specimen at
uniform temperature prior to testing an infrared camera senses infrared radiation. The response
time of this IRT has been proven to be in the range of microseconds. It is important to note that
this strongly depends on the dynamic capabilities of the electronic equipment (amplifier, A/D

conversion, etc.) of the measuring line which usually limits the achievable response time.

1.4 Nanoparticles

Nano objects which are nano scales in all three dimensions are called nanoparticles. A
nanoparticle (tiny) compares to the size of a soccer ball roughly like a soccer ball compares to
the size of the planet Earth. Long before the specific industrial production of nanoparticles,
people made and even used such tiny particles. In one of its most important steps, the
development of classical photographs is based on the formation of nanoparticles. Slash-and-burn
techniques and transport give rise to soot nanoparticles. These are not exclusively man made but
also occur in nature. For instance, forest fires and the recurring fires of the savannah every year

emit soot nanoparticles much like manmade combustion processes. Nanoparticles may exhibit a
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variety of shapes far from uniform. However, they always have very large surfaces in relation to
their masses and mostly consist of a relatively small number of atoms or molecules, which gives
rise to so-called quantum effects. Their properties therefore clearly differ from those of a
material of the same chemical composition which is not nano scale. Gold nanoparticles for
instance have a reddish gleam nano ceramics are flexible like foils, all of which properties allow
them to be used for completely new applications. Nano materials are being used in many ways
from special areas in medicine to everyday products such as skin lotions and wall paint. The
classical nano materials long produced in large quantities include the industrial type of soot
referred to as “carbon black.” They are found in car tires which increase their abrasion
resistance, adhesion and elasticity. Carbon black is also a common black pigment used in inks,
paints, polymers and many other compounds.

Nano materials are used in large quantities in synthetic silica or chemically silicon
dioxide. When used as fillers they reinforce silicone rubber and thicken printing inks and
toothpastes. Powder suspensions made of silicon dioxide, aluminum oxide and cerium oxide
nano particles are used in the electronics industry for cleaning and polishing silicon wafers, the
substrates of computer chips or solar cells. Nano particles of titanium dioxide and zinc oxide act
as effective UV filters in sun creams and textiles protecting against the sun. Paints and dyes also
lipsticks and other cosmetic products contain nano materials as pigments producing sparkling
and coloring effects. Magnetic fluids so called ferro fluids contain iron oxide nano particles.
They are used for instance to cool loud speaker boxes and act as liquid sealants. Also organic
materials are being used in which inorganic nano particles are firmly embedded. These
composites apply one of nature’s basic principles. Fine structures on the order of a few

nanometers in which inorganic minerals combine with organic cement are the reason for the
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extraordinary stability of bones, tooth enamel and mother of pearl. When used as binders these
composites improve the quality of varnishes, paints and plastering materials. Nano materials also
play an important role also in power technology for instance in producing energy storage devices
and in the development of improved solar cells. The applications and possibilities listed here
indicate that people can come into direct contact with these new materials. Consequently, nano
materials must be examined for potential effects on health as a matter of precaution and their
possible environmental impacts must be studied. In the nano care project, scientists are focusing
especially on aspects of health by examining possible exposures at the workplace and conducting
a variety of biological tests in order to exclude if possible any negative influences on health

(lijima et al. 1991, Tsai et al. 2005, Geim et al. 2007, Stampfer et al. 2008 and Li et al. 2008).

1.5 Nanofluids

Nanofluids are one of the potential technologies for heat transfer in future. The stable
suspensions of nano particles in liquids are called nanofluids. These fluids are found to have very
stable suspensions without substantial sedimentation for a long time. They are found to eliminate
most of the problems arising with slurries like sedimentation clogging of small channels, erosion,
excessive pressure drop etc. Conventional heat transfer fluids including oil, water and ethylene
glycol mixture are poor heat transfer fluids, since the thermal conductivity of these fluids play
important role on the heat transfer coefficient between the heat transfer medium and the heat
transfer surface. Therefore numerous methods have been taken to improve the thermal
conductivity of these fluids by suspending nano/micro or larger sized particle materials in
liquids. The solid nanoparticles with typical length scales of (~1-100 nm) with high thermal
conductivity are suspended in the base fluid (low thermal conductivity) have been shown to

enhance effective thermal conductivity and the convective heat transfer coefficient of the base
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fluid. Moreover, the heat transfer capabilities of nanofluids are much enhanced as compared to
base fluids. This makes them suitable for use in cooling of electronic equipments, lasers, fuel-
cells, car radiators etc. The enhancement in thermal conductivity of nanofluids is unusually high
and cannot be predicted by any of the conventional multiphase conductivity models. CNT
nanofluids are found to be most effective in this regard, giving two orders of magnitude higher
thermal conductivity enhancement compared to the usual slurries. The thermal conductivity of
carbon nanotubes is very high (~ 2000 W/mK) and secondly the nanotubes have a very high
aspect ratio (~ 2000) as shown in Fig. 1.5 (Hwang et al. 2006, Schniepp et al. 2006, Westervelt et al.

2008 and Peres et al. 2009).

Fig. 1.5: SEM diagram of the nanofluids (Hwang et al. 2006)

1.6 Objectives of the Present Investigation

The measurement of transient heat transfer rates is very important in the design of internal
combustion engine, gun barrels and aerodynamics vehicles in high speed flow environments. In
these cases, the measurement technique for accurate prediction of heat fluxes must suit for
transient conditions and should have a fast response time to trace variations caused by rapidly
changing flow conditions. In most surface heat transfer mapping, very fast response sensors are
used for dynamic temperature measurements in the flow. With respect to high speed flow

environment, the response time of the temperature sensors become more crucial because the
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experimental time-scale of measurement is very small (~ milliseconds or less). The transient
temperature measurement is usually performed by mounting the temperature sensors, embedded
inside the heated material. The surface heat fluxes are then estimated from the temperature
history, analytically/numerically by one dimensional heat transfers modelling.

Thin film gauges and coaxial thermocouples are most cost effective resistance
temperature detectors for transient temperature measurements because the response time falls in
the range of microseconds (Vidal 1956). Thin film heat transfer gauges are made out of
temperature sensitive materials (platinum, nickel etc.) and deposited on an insulated substrate
material (pyrex, Macor etc.). These gauges are passive sensors and powered by a constant
current source. In general, these gauges are suitable for applications where the surface heat
fluxes are relatively low, particularly in the transient static temperature measurement. In the
stagnation regions, where a large value of surface heat flux is expected, the metal film deposition
on the substrate material becomes prone for wear and tear with repeated measurements.
Moreover, platinum and nickels are generally precious materials and many a times, it is difficult
to get them locally. At the same time, the deposition of metallic film to achieve a desired
resistance on the substrate material needs specialized techniques such as sputtering.

Thermocouples are considered to be the most effective method for routine measurement
of temperatures. The junction of the thermocouple is formed by two different material wires and
a voltage is generated corresponding to the temperature change (Seebeck effect). In contrast to
thin film gauges, they are active sensors and do not need any external power sources. In
particular, the co-axial thermocouples are special class of temperature sensors that are useful for
measurement transient temperatures in short-duration time scale. Moreover, they have high

response times (~100us) and more robust for high heat flux measurements. At the same time, its
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fabrication does not need special techniques and becomes cost effective compared to the thin
film gauges. The coaxial thermocouples are generally fabricated by one metallic element swaged
over the second element with 1um thick insulating material in between them. Here, a surface
junction is formed by grinding the front surface that provides micro-scratches leading to small
scale plastic deformation. Thus, it offers distinct advantages over the conventional heat transfer
gauges and the fast-response characteristic (~100us) makes its suitability in the short-duration
measurement studies. In these measurements, there is a sudden rise in the heating load (such as
step/impulse) on the test surface and subsequently, the heat flux from transient temperatures is
obtained by one dimensional heat conduction modelling with semi-infinite assumptions. Many a
times, the calibration methodologies seem to be unnoticed, which include uncertainties in
measurement of temperature and subsequent determination of surface heat flux. However, they
can be performed in the laboratory by performing simple experiments under heating loads. In
this back drop, a research work has been initiated to explore the possibility of calibrating the heat
transfer gauges under heating loads. In summary, the main objectives of the present investigation
reported in the thesis are as follows:
e To Design and Fabrication of Heat Transfer Gauges

o Platinum based Thin Film Gauges

o Platinum/CNT based Thin Film Gauges and

o K-type Coaxial Thermocouples

e To Develop and Perform Static Calibration of Heat Transfer Gauges
o Experimental set up for oil-bath calibration experiment
o Measurement of thermal coefficient of resistance (TCR)

o Sensitivity analysis and comparison of gauges
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e To Develop and Perform Dynamic Calibration of Heat Transfer Gauges
o Radiation and conduction based experimental analysis
o Theoretical and analytical study of heat transfer modeling
o Finite element simulation of heat transfer gauges
o Recovery of transient temperatures and comparison with experiments
e To Apply the Developed Heat Transfer Gauges in Stagnation Point Heat Flux
Measurements
o Fabrication of an experimental setup
o Measurement of transient temperatures with heat transfer gauges
o Theoretical and analytical predictions of surface heat fluxes

o Computational analysis and comparison with experiments

1.7 Thesis Organization

The first chapter of this thesis set the background for the work where the transient heat fluxes
and its measurement devices are introduced. The selection of heat fluxes measuring devices from
various categories and their importance of the use in the transient heat fluxes measurement are
emphasized. Chapter 2 provides background concerning the heat fluxes measurement
techniques and different types of nano-materials or nano-fluids. The work carried out by
previous researchers regarding the effects of these heat transfer sensors performance, calibration
technique and heat fluxes measurement techniques are reviewed. The performance of the heat
transfer sensors relies more heavily upon the thermal properties of the gauge and substrate
materials. The use of nano-materials in different devices is promoted by several researchers. The
importance of nano-material analysis for present work is also briefed. Chapter 3 describes the

details of fabrication techniques of three types of heat transfer gauges. The thin film sensors are
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prepared by depositing a film of high conducting and very sensitive platinum gauge material
over the insulating surface of low conducting Pyrex material. The modified design and
fabrication details of Platinum/CNT based sensors are also discussed in this section. The K-type
coaxial thermocouples are also fabricated in the laboratory by chromel element disposed
symmetrically and coaxially into a hollow machined cylinder of the alumel element. The static
calibration technique of the handmade heat transfer gauges is discussed in Chapters 4. An oil
bath based experimental setup has been prepared for static calibration and is used to check the
variation of resistance with temperature during heating and cooling process. The thermal
coefficient of resistance and sensitivity of each sensor are then calculated by using variation
between changes in voltage with change in temperature. Chapter 5 presents the dynamic
calibration of the heat transfer gauges by the radiation and conduction based experimental setups.
Step heating loads are applied on the heat transfer gauges by using a laser light for radiation
experiments and constant heat fluxes based heater with known input wattage is used for
conduction experiments. Transient temperature data are recorded under various known heating
load conditions and the experimental results are compared from numerical and analytical
analysis. The measured transient temperature histories are used to calculate output heat transfer
and then compared with input wattage. In order to justify the usages of these heat transfer
gauges, an experimental setup is designed where the gauges are exposed to high speed flows.
Chapter 6 presents the stagnation point based heat flux analysis corresponding to a sonic flow.
The numerical technique (CFD-Fluent) is used to measure stagnation point heat fluxes and then
compared with experimental results measured by the handmade sensors. Finally, concluding
remarks/findings of the present investigation are highlighted in Chapter 7. Also, some future

scopes of research and developments have been suggested in this chapter.
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Chapter - 2
Literature Review

The resistance temperature detectors are the fundamental sensors to measure the transient surface
temperatures by mounting them on the heated material surface. With respect to short duration
measurements (~ few milliseconds), the sensors must have very high response time and at the
same time, they should be capable of recording the temperatures from low to high values of heat
fluxes. In other words, the thermal properties of the sensing element should resemble that of a
pure metal. With recent advances in nano-technology, it is possible to enhance the thermal
properties by mixing nano-materials into the sensing materials. The nano-materials have shown
improvement in thermal conductivity and heat transfer considerably. Carbon nano tubes (CNT)
are new form of materials and are found to be most effective nano materials because of their
unique thermal conductivity, chemical stability and excellent electrical conductivity. In general,
conventional heat transfer gauges use costly metals such as platinum/nickel as the sensing
element for which the response time is in the order of 1us. Addition of CNTs in powder form
and re-fabricating the gauge will enhance the thermal characteristics without changing the
response time and can reduce the cost to some extent. Another technology is the use of cost
effective surface junction coaxial thermocouples as transient measurement devices having
response time in the order of 100us. Moreover, all these gauges can be fabricated in house and
calibrated using simple laboratory devices. In all subsequent chapters, these techniques are
discussed in details. This particular chapter deals with summary of the research investigations in
the areas of heat transfer gauges and their application. Also, review discussions on some nano-

fluid concepts for improving thermal properties of these sensors are highlighted.
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2.1 Literature Review on Heat Transfer Gauges

Charles et al. (1984) has developed a transducer consisting of a classical thermocouple made
out of two thin wires (W5Re and W26Re) embedded in fused alumina. The electrical contact at
the hot junction is provided by a thin film of molybdenum. The measured response time (1ms or
less) obtained under dynamic conditions of temperature and pressure (explosion) is in agreement
with the values calculated by a computer simulation. Because of its structure, the tip of this
transducer can withstand temperatures of up to 1900°C and pressure of several thousand bars
mounted on an apparatus. At high temperatures, especially above 1000°C, the best measurement
conditions prevail when the tip of transducer has an emissivity close to that of the surface. It is
used to determine thermal response inside autoclaves during reactions, in the cylinders of
internal combustion motors, in jet nozzles or in the combustion chamber of ballistic missiles.
Also, it is shown that transducer response time can be improved with appropriate supplement of

thin layer coatings.

George et al. (1991) has discussed the importance of frequency response considerations in the
use of thin film gauges for unsteady heat transfer measurements in transient facilities. They
proposed different methods of evaluation. A departure frequency response function is introduced
and illustrated through an analog circuit. The Fresnel integral temperature is introduced and
further used to evaluate the numerical algorithms. This temperature possesses the essential
features of the film temperature in transient facilities. Finally, evaluation criteria are proposed for
the use of finite-difference algorithms for the calculation of the unsteady heat flux from a
sampled temperature signal. The removal of Fourier components by the finite frequency
response of analog Q-meters is shown to have a significant effect on the inferred heat fluxes.

Similarly, the sampling rate and choice of computational algorithm were shown to introduce
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similar problems for the numerical reconstruction of the unsteady heat transfer from the digitally
sampled film temperature. The digital methods have the advantage of using less hardware and
can easily include the effects of the temperature dependent thermal properties of the substrate

materials.

Jessen and Snig (1991) have developed a new method for the production of thin film heat flux
gauges. The main advantages are the rigid construction of the sensors, the uncomplicated
manufacturing method and the convenient contact of the film. Furthermore, the sensors are
reusable. In case a sensor is damaged, it only has to be equipped with a new film, or if the
surface is damaged, then it can be polished again. The calibration of these thin film gauges have
been carried out successfully. Notably, the pulse calibration has demonstrated remarkable
repeatability and accuracy. Several sensors are in use in the Aachen shock tunnel with
satisfactory results. To check the durability, a sensor has been repeatedly exposed to the
stagnation point of a sphere without serious damage or remarkable change in the values of the

calibration.

At NASA Lewis Research center, Lei et al. (1998) have developed an advanced thin film sensor
techniques that can provide accurate surface strain and temperature measurements. These sensors
are sputter deposited directly onto the test articles and are only of few micrometers thick. The
surface of the test article is not structurally altered and there is minimal disturbance of the gas
flow over the surface. The strain gauges are palladium-13% chromium based and the
thermocouples are platinum-13% rhodium versus platinum. The fabrication techniques of these
thin film sensors were made in a class 1000 clean room at the NASA Lewis Research Center.
Their demonstration on a variety of engine materials, including super alloys, ceramics and

advanced ceramic matrix composites in several hostile, high temperature test environments is
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discussed. Measurement techniques for propulsion systems are advanced through the
development of thin film thermocouples and strain gauges. These thin film sensors have the
advantage of providing minimally intrusive measurements. Thin film thermocouples made of
PtI3Rh/Pt, have proven to be applicable to a range of materials and applications, such as super
alloys, ceramics, ceramic composites and inter metallics. Data have been obtained in furnace
testing under high heat flux conditions and in harsh engine environments. Thin film strain gauges
based on a newly developed alloy have been developed for both dynamic and static strain
applications in the temperature range from room temperature to 1100°C. The measurements from
these thin film sensors provide minimally intrusive characterization of advanced materials (such
as ceramics and composites) and structures (such as components for Space Shuttle main engine,
high-speed civil transport and general aviation aircraft) in hostile, high temperature environments

and for validation of design codes.

Wilson and Chana (2001) has developed deposition is on ICE advanced experimental technique
for heat transfer measurement used for gas turbine engine research using platinum thin film
resistance thermometers. Heat transfer rate measurements have been successfully obtained on the
piston surface and cylinder head exposed to the combustion gases on a single cylinder engine.
The thin film gauge system has a frequency response of around 100 kHz and hence can track the
heat transfer rate changes on the piston surface and cylinder head adequately. Measurements
taken with the engine motored and at low load are presented and discussed. Despite the
difficulties of instrument and obtaining heat transfer on the piston of a spark ignition engine,
experimental data has been successfully obtained on both the piston and the cylinder head for a
number of positions. The investigation has clearly demonstrated the use of thin film gauges for

taking heat transfer measurements in a spark ignition engine operated at realistic conditions. The
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peak heat transfer levels found on the piston and cylinder head are of the order of 2.5MW/m? and
varied significantly from cycle to cycle. The cylinder head data has shown many structures that

can be clearly identified with the combustion process and the engine cycle.

A new form of surface junction thermocouple sensor has been developed and tested by
Sanderson and Sturtevant (2002). The novel feature of the design is the use of a tapered fit
between two coaxial thermocouple elements to form a thin film robust junction. The gauge has a
response time of the order of 1us and is suitable for measuring large transient heat fluxes in
hypervelocity wind tunnels. Asymptotic analysis is used to demonstrate the operating principles
and to assess the errors associated with the finite thickness of the surface junction. Spectral
deconvolution methods are used to infer a mean square optimal estimate of the surface heat flux
from time resolved surface temperature measurements. This improved signal processing method
is applicable to transient heat flux gauges of all types. Potential error sources and other
systematic errors have been described. Measurements of the heat flux about the fore body of a
cylindrical body in a hypervelocity flow demonstrate the functioning of the gauge and are used

to obtain statistical estimates of the repeatability of the technique.

Sahoo (2003) has design and measured the heat transfer rates at different locations on the blunt
body by using platinum thin film gauges by deposited gauge (platinum) on the ceramic substrate
(macor) material inserts which in turn are embedded on the surface of the metallic blunt cone
model. Simultaneous measurement of aerodynamic forces and surface heating rates are carried
out in hypersonic shock tunnel at Mach 5.75 with different stagnation enthalpies for various
angles of attack. The experimentally measured surface heat transfer results are expressed in
terms of normalized heat transfer rates, Stanton numbers and correlated Stanton number. From

the heat transfer measurements at 0° angle of attack, it is concluded that maximum heating rates
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occurs at stagnation point and corner heating is about 20-30% of the stagnation point heat
transfer rates. At angle of attack of 12°, the corner heating forms a considerable fraction (around
70%) of the maximum heat measured on the cone surface. The effects become severe at higher

enthalpies.

Brohez et al. (2004) have developed bare bead thermocouples for measuring temperature fields
in compartment fires. It is well known that temperature readings using such a device can be
significantly affected by radiation errors, the apparent thermocouple junction temperature being
thus different from the true gas temperature. However, a probe consisting of two thermocouples
of unequal diameters but made of the same material can be used for estimating the gas
temperature in a fire environment. Using a steady state heat transfer model applicable to a bare-
bead thermocouple, a very simple rule is proposed for the estimation of radiation errors when
temperatures are measured by use of two thermocouples of different diameters. Radiation errors
obtained from this simple rule are compared and discussed with experimental results involving a

compartment fire with pyridine as the fuel.

Talib et al. (2005) have developed one numerical analysis on conduction heat transfer through a
custom built thin film gauge (TFG). The authors fabricated a custom built heat transfer gauge to
measure the heat flux from 1SO2685 fire certification burner under isothermal wall conditions.
During the calibration of TFG using a hot air gun, the heat flux from the hot air gun was not
uniform. There was a high heat flux level directly underneath the hot plum. In order to
investigate the effect of the non uniform distribution of the heat flux, the author conducted a two
dimensional numerical analysis to confirm that one dimensional conduction conditions prevailed
throughout the temperature sensing section of the TFG. The numerical results were also

compared directly to the temperature readings from the two thermocouples placed under the
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enameled disc. The contribution of lateral conduction on the uncertainty of the TFG is

considered small.

Mohammed et al. (2007) proposed transient response of erodible surface thermocouples and
numerically assessed its performance with two dimensional finite element analyses. Four types
of base metal erodible surface thermocouples have been examined in this study; K-type
(alumel/chromel), E-type (chromel/constantan), T-type (copper/constantan) and J-type
(iron/constantan) each of 50mm thickness. The practical importance of these types of
thermocouples is to be used in internal combustion engine studies and aerodynamics
experiments. The step heat flux was applied at the surface of the thermocouple model. The heat
flux from the measurements of the surface temperature can be commonly identified by assuming
that the heat transfers within these devices as one dimensional. The surface temperature rises at
different positions along the thermocouple are presented. The normalized surface temperature
histories at the center of the thermocouple for different types at different response time are also
depicted. The thermocouple response to different heat flux variations were considered by using a
square heat flux with 2ms width, a sinusoidal surface heat flux variation width 10ms period and
repeated heat flux variation with 2ms width. The results demonstrate that the two dimensional
transient heat conduction effects have a significant influence on the surface temperature history
measurements made with these devices. It was observed that the surface temperature history and
the transient response for thermocouple E-type are higher than that for other types due to the
thermal properties of this thermocouple. It was concluded that the thermal properties of the
surrounding material do have an impact, but the properties of the thermocouple and the

insulation materials also make an important contribution to the net response.
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Mohammed et al. (2008) have shown low cost K-type (chromel and alumel) coaxial surface
junction thermocouples (CSJT) that has been fabricated in house. They were calibrated to
measure the transient surface temperature rise within a UNITEN’s shock tube facility. The
authors also discussed and explained the design and fabrication technique of the CSJT and the
difficulties that have occurred during the fabrication process. The micro structural analysis and
the chemical characterization of these types of thermocouples have also been carried out to
verify the surface morphology and to qualitatively evaluate the CSJT material composition. The
preliminary testing was performed to demonstrate the performance of this thermocouple to be
used to measure the surface temperature and heat transfer rates under transient conditions. The
preliminary results from the shock tube tests have shown that thermocouples have a time
response on the order of microseconds and found to be suitable for making heat transfer
measurement in highly transient conditions. It was concluded that the current construction

technique produced gauges that were reliable, reproducible, rugged and inexpensive.

Saravanan et al. (2009) used technique for gauge fabrication by depositing a thin metal film
(typically platinum) on a glass or ceramic substrate. Then the surface temperature is sensed and
measured through the temperature dependence of the resistance of the metal film. After gauge
fabrication, the experiments are carried out with air as the test gas to obtain the surface
convective heating rate on a missile shaped body flying at hypersonic speeds in a shock tunnel.
The effect of fins on the surface heating rates of missile frustum is also investigated. The tests
are performed in a hypersonic shock tunnel. The experiments are conducted at flow Mach
number of 5.75 and 8 with an effective test time of 1ms. The measured stagnation point heat
transfer data compares well with the theoretical value estimated using Fay and Riddell

expression. The measured heat transfer rate with fin configuration is slightly higher than that of
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model without fin. The normalized values of experimentally measured heat transfer rate and

Stanton number compare well with the numerically estimated results.

Marr et al. (2010) have developed a fast response thermocouple for measuring surface
temperatures of aluminum components in internal combustion engine combustion chambers. The
key features of the design are the use of the aluminum substrate as one of the thermocouple
metals and the use of a thick copper layer as the hot junction at the surface. The copper equalizes
the hot junction temperature with the surrounding aluminum to correct for the differences in
thermal properties between the two materials. Finite element analysis determined the optimum
thickness of the copper layer to be between 100pus to 125us. Under typical spark ignition engine
heat flux conditions, the thermocouple was capable of measuring the average surface
temperatures within 0.19°C and the magnitude of temperature swings was within 6% of true
values. Experimental results displayed the same trends as the finite element analysis at
measuring average temperatures and temperature swings, thus check the performance of

thermocouple.

Menezes and Bhat (2010) have designed, fabricated, calibrated and tested a chromel/constantan
based coaxial surface junction thermocouple to measure the transient temperature history on the
surface of a body in a hypersonic free stream of Mach 8 in a shock tunnel. The experimental data
obtained from the thermocouple compare well with the data obtained through analytical and
numerical procedures for the same application. The coaxial thermocouple with a diameter of
3.25mm was flush mounted in the surface of a hemisphere of 25mm diameter. The hypersonic
free stream was of a very low temperature and density, and had a flow time of about a
millisecond. Preliminary test results indicate that the thermocouple is quite sensitive to low

temperature rarefied free streams and also has a response time of a few microseconds to meet the
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requirements of short duration transient measurements. The sensor developed is accurate, robust,

reproducible and highly inexpensive.

Mohammed et al. (2010-a) has presented an experimental method for determining the effusivity
values of different scratched coaxial temperature sensors. These sensors have a response time in
the order of microseconds (50us) with a rise time of less than 0.3ps. Two types of scratch were
made using abrasive papers with different grit sizes and scalpel blades with different thicknesses
to form the sensor junctions. The effect of the scratch technique on the sensor's effusivity is also
investigated. The sensors were tested and calibrated in the test section of a shock-tube facility at
different operating conditions (Mohammed et al. 2010-b). It was observed that the effusivity of
a particular sensor depends on the Mach number, scratch technique, scratch direction, junction
location as well as on the enthalpy condition. It was also noticed that a scratched sensor using the
scalpel blade technique does not require an individual calibration. However, for a sensor
scratched using the abrasive paper technique, a calibration for each sensor is likely to be
required. The present results have provided useful and practical data of the effusivity values for
different scratched temperature sensors. These data are beneficial to experimentalists in the field,

and can be used for accurate transient heat transfer rate measurements.

Mohammed et al. (2011-a) presented an experimental technique to estimate the appropriate
thermal product values of rugged and fast response temperature probes (TPs) for hypersonic
aerodynamic experiments. Two types of scratches were used mainly abrasive papers with
different grit sizes and scalpel blades with different thicknesses to form the probe junction. The
effect of the scratch technique on the probe's thermal product is investigated. The probes are
tested and calibrated in the test section and in the end wall of shock tube facility. It is observed

that the thermal product of a particular TP depends on the Mach number, junction scratch
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technique and junction location as well as on the enthalpy conditions. It is noted that depending

on the scratch technique some of the temperature probes do not require individual calibration.

Mohammed et al. (2011-b) have discussed the effect of different scratch techniques of abrasive
papers and scalpel blades used to form the junctions of temperature sensors. A dynamic
calibration procedure of scratched sensors in a shock tube facility allows easy evaluation of their
thermal product value. For a particular sensor, the thermal product is found to be dependent on
the flow Mach number, junction scratch technique, junction location and also on the enthalpy
conditions. It was shown that different scratch techniques normally results in different thermal
product values of sensors. The experimental procedure used in the present study has yielded
practical data on characteristics of scratched temperature sensors, these data can be used in

accurate measurement of transient heat transfer under hypersonic flow conditions.

Mohammed et al. (2011-c) proposed an experimental dynamic calibration technique of reliable,
rugged, low-cost and fast response coaxial temperature probes. These probes were successfully
designed and fabricated in-house, in conjunction with its signal processing circuit, which can be
used for transient heat transfer measurements in a hypersonic testing facility. These probes have
a response time less than 50us with a rise time less than 0.3us. Two types of scratches were used,
mainly abrasive papers with different grit sizes and scalpel blades with different thicknesses to
form the probe junction. The effect of the scratch technique on the probe's thermal product is
investigated. The probes were tested and calibrated in the test section and end wall of the
UNITEN shock tube facility at different axial and radial locations. The effects of placing the
coaxial temperature probe at different axial and radial distances, different working fluids and
different Mach numbers on the transient surface temperature rise were examined. It was

observed from the dynamic calibration results that the thermal product of a particular coaxial
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temperature probe depends on Mach number, junction scratch technique and junction location as
well as on the enthalpy conditions. It was also noticed that the calibrated coaxial temperature
probe using the scalpel blade technique with a particular blade size gives consistent thermal
product values. Thus, it does not require an individual calibration. However, for a coaxial
temperature probe whose junction was created using the abrasive paper technique with different

grit sizes a calibration for each coaxial temperature probe is likely to be needed.

2.2 Literature Review on Transient Heat Transfer Measurement Techniques

Beck (1967) has determined the surface heat flux from the transient temperature history
measured at an interior position in a heat conducting solid possessing constant thermal
properties. These methods involve the numerical inversion of a convolution integral. Each of the
new methods employs a least squares procedure. A comparison is given for the simplest
formulation of the new methods with an older numerical inversion procedure. In this
comparison it is shown that the new method is stable with time steps as small as one
sixth of the minimum allowable time step and analyses of the stability are given for

several formulations with more desirable characteristics.

Mehta et al. (1988) has investigated the influence of normal and lateral conduction on the
temperature distribution and heat transfer coefficient on the surface of a typical sounding rocket.
A two dimensional heat conduction equation with a time dependent aerodynamic heating
condition at one surface and a radiation boundary condition at the other end is solved using finite
element method. Unsteady heating of a thin skinned body subjected to an aerodynamic heating
rate has a wide practical interest in high speed free flight and in the thin skin technique. They
include normal and lateral heat conduction and heat loss into thermocouple lead wires. The

measured thermocouple temperature history on the inner surface of the thin skin is customarily
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employed to estimate heat transfer coefficient while neglecting normal and lateral heat

conduction terms.

Taler (1996-a) proposed a mathematical procedure of transient methods for measuring surface
heat transfer rates. The heat flux gauges are modeled with semi-infinite concepts, thin film and
thick wall gauges. The aim of this work is to present a method for simple and accurate
determination of the time varying heat transfer rates from the measured temperature history. The
temperature measurements are converted into local instantaneous heat transfer fluxes by solving
the heat conduction problem for the gauge. The effect of the inaccuracies in the measurement of
the temperature was eliminated by cubic spline smoothing or digital filtering of the raw
temperature data prior to using it in the inverse heat conduction analysis. General case closed
from equations for instantaneous surface heat flux or heat transfer coefficients are developed.
The heat flux at the location of the temperature sensor is determined from the solution of one
dimensional heat conduction using Duhamel’s theorem. Global and local spline approximations

are used to smooth the measured interior temperature time curves.

Taler (1996-b) has developed a semi numerical method for solving the inverse heat conduction
problems in homogeneous and composite bodies. The presented solution does not require both
the initial temperature distribution in the body and the whole temperature time history at the
temperature sensor locations. It is an accurate and simple technique which is capable of treating
linear inverse heat conduction problems with data containing random errors. The presented
approach utilizes past and future time data while requiring no iteration. In contrary to most
previous works on inverse heat conduction problems the method requires no information about
initial temperature distribution in the solid. The surface heat flux at a specific time can be

directly calculated from the measured transient temperature inside a solid without step by step
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computation in the time domain. It is not necessary to compute all nodal temperatures at each
time step to calculate the surface heat flux. To obtain results of very good accuracy, the space
domain may be divided only in three or four control volumes. Sample calculations confirmed

that this approach produces stable and accurate results for both exact and noisy data.

Chen et al. (2001) have developed a hybrid numerical algorithm of the Laplace transform
technique and finite difference method with a sequential in time concept. The least squares
scheme is proposed to predict the unknown surface temperature in two dimensional inverse heat
conduction problems. In their study, the expression of the surface temperature is unknown a
priori. The whole time domain is divided into several analysis sub time intervals and then the
surface temperature in each analysis interval is estimated. In order to enhance the accuracy and
efficiency of the present method, a good comparison between the present estimations and
previous results is demonstrated. Results show that good estimations on the surface temperature
can be obtained from the knowledge of the transient temperature recordings only at a few
selected locations even for the case with measurement errors. It is worth mentioning that the
unknown surface temperature can be accurately estimated even though the heat transfer gauges
or thermocouples are located far from the estimated surface. Due to the application of Laplace
transform technique, the unknown surface temperature distribution can be estimated at a specific

time.

Masanori et al. (2003) have developed an analytical method for two dimensional inverse heat
conduction problems by using the Laplace transform technique. The inverse solutions are
obtained under two simple boundary conditions in a finite rectangular body with one and two
unknowns, respectively. The method first approximates the temperature changes measured in the

body with a half polynomial power series of time and Fourier series of Eigen function. The
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expressions for the surface temperature and heat flux are explicitly obtained in a form of power
series of time and Fourier series. The verifications for two representative testing cases have
shown that the predicted surface temperature distribution is in good agreement with the
prescribed surface condition as well as the surface heat flux. A procedure to solve Inverse Heat
Conduction Problems (IHPC) is to derive surface heat flux and temperature from temperature
changes inside a solid. This method is proved to be very powerful and useful when a direct
measurement of surface heat flux and temperature is difficult, such as those in space vehicle
atmosphere re-entry, during accidents involving coolant breaks in the plasma facing components
and in the quenching of a high temperature surface. The IHCP has been numerically treated and
extended to multiple dimensions with the help of the development of computer technologies

related to software and hardware and the improvement of computer capability.

Woodfield et al. (2006) have developed two improvements to practical implementation for the
solution of two dimensional inverse heat conduction problems. The first concept is useful for
experimental data with strong or irregular fluctuations in time. The second procedure improves
the spatial resolution for problems where the source of the surface heat flux distribution is
moving along the surface. The method is tested against analytical solutions and data from quench
cooling experiments. Both procedures are found to enhance the quality of the inverse solution
results. Two innovations for application of the two dimensional Monde method to experimental
data were presented. The first represented an improvement for applying the procedure to data
with strong or irregular fluctuations in time. The second is most useful for circumstances where
the source of the surface heat flux is moving in the spatial direction. This circumstance can occur
in quenching experiments with a moving wetting front. It is also demonstrated that the spatial

resolution for the surface heat flux estimate is limited by the sensor spacing, the depth beneath
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the surface and the accuracy of the sensor. Finally, the authors are pleased to make available

openly the software developed for implementing the present inverse solution.

The time dependent boundary heat flux in two dimensional heat conduction domains with heated
and insulated walls was developed by ljaz et al. (2007). The estimation of the algorithm requires
only the temperatures measured at the insulated walls. In addition, the estimator also predicts the
bias in the measurements. In modeling the system, it is assumed that the input flux and bias
sequence dynamics can be modeled by a semi Markov process. By incorporating the semi
markovian concept into a Bayesian estimation technique, the estimator consists of a bank of
parallel, adaptively weighted, Kalman filters. Computer simulation results reveal that the
proposed adaptive estimator has improved estimation performance even for step changing heat

flux and measurement bias.

Kawale and Sahoo (2008) have discussed the transient temperature data from nickel thin film
heat transfer gauges analyzed by using one dimensional semi infinite heat conduction model to
measure surface heating rates. First of all, the one dimensional semi-infinite heat conduction
model has been used successfully to infer the surface heating rates from the temperature history.
The main purpose of this work is to investigate the influence of normal conduction on the
temperature distribution at the surface as well as along the depth of the substrate. In order to
check the presence of lateral conduction, finite element analysis was carried out. Results show

that lateral conduction is significant for larger time scales.

Rainieri et al. (2008) proposed an experimental analysis and a data processing procedure, aimed
to characterize the cooled micro bolometric infrared camera. The instrument performance test is

addressed to the application of infrared thermography for the parameter estimation problem
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based on the solution of the inverse heat conduction problem. With this regard, a new picture of
merit which enables estimation of the local noise level in the thermal image has been suggested.
This parameter may be used to characterize the performance of IR and also of other thermo
graphic devices for applications common to a wide category of heat transfer measurements in
which the spatial first or second derivatives of a thermal two dimensional signal are needed. The
instrument has been compared in terms of local noise level to an IR camera based on the cooled
photon detector array technology. The characterization of an infrared camera based on the
uncooled micro bolometer detector technology has been performed in the temperature range
30°C to 80°C with regards to its application to the solution of the two dimensional inverse heat
conduction problems. The uniformity and the stability of the sensors response have been
quantified together with the overall and local noise level present in the thermal image. Besides,
the local noise level, a new figure of merit, named LNL, capable of estimating the performance
of the instrument in the reconstruction of the Laplacian of the temperature distribution has been
suggested. This parameter may be used to characterize the performance of IR and also of other
thermo graphic devices for applications common to a wide category of heat transfer
measurements in which the spatial first or second derivatives of a thermal two dimensional signal
are needed. Besides, the dimensionless expression revealed to be useful in the characterization of
given sensor in terms of the relative effect due to local discontinuities and random noise in the
reconstruction of the signal’s second derivative. The analysis has been completed with the
comparison of the instrument performance with the behavior of a cooled photon detector. The
results allow concluding that by following an optimal methodology in the acquisition and
processing of the thermal images the micro bolometric IR camera under test shows in the

temperature range 30°C to 80°C and in standard temperature operating conditions, a performance
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similar to that of a cooled photon detector IR camera with regards to the particular application

field above address.

A sequential method is proposed by Yang (2009) to estimate boundary condition of the two
dimensional hyperbolic heat conduction problems. An inverse solution is deduced from a finite
difference method, the concept of the future time and a modified Newton Raphson method. The
undetermined boundary condition at each time step is denoted as an unknown variable in a set of
non linear equations, which are formulated from the measured temperature and the calculated
temperature. Then, an iterative process is used to solve the set of equations. No selected function
is needed to represent the undetermined function in advance. The example problem is used to
demonstrate the characteristics of the proposed method. In the example, a well known problem is
used to demonstrate the validity of the proposed direct method and then the inverse solutions are
evaluated. In the second example, the larger value of the relaxation time is implemented in the
direct solutions and the inverse solutions. The close agreement between the exact values and the
estimated results is made to confirm the validity and accuracy of the proposed method. The
results show that the proposed method is an accurate and stable method to determine the
boundary conditions in the two dimensional inverse hyperbolic heat conduction problems. A
sequential method has been introduced for determining the boundary condition in the two
dimensional inverse hyperbolic conduction problems. The direct solution at each time step is
computed by a finite difference method within a stable interval and the inverse solution at each
time step is solved by a modified Newton Raphson method. The inverse method does not adopt
the non linear least squares error to formulate the inverse problem, but it employed a direct
comparison of the measured temperature and calculated temperature. Special features about this

method are that no preselected functional form for the unknown function is necessary and no non
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linear least squares are needed in the algorithm. An example has been illustrated based on the
proposed method. The results show that the proposed method is able to find the direct and

inverse solution.

Sahoo and Peetala (2010) proposed a one dimensional heat conduction model to infer transient
surface heat flux from the temperature history. The experimental temperature data is obtained
from the nickel film sensor for a supersonic flight test. Curve fitting techniques are used to
recover the actual experimental signal and the comparison shows a very good agreement. The
temperature data obtained from various techniques are used in one dimensional heat conduction
modeling and transient surface heat fluxes are predicted. It is seen that during a small
experimental time scale piecewise linear fitting of temperature data predicts surface heat flux
values with reasonable accuracy and it also reduces the computational time. However for a
longer duration the third order cubic spline method can be give better approximation because it
reproduces the experimental data points more closely compared with polynomial fitting of

temperature data.

Sahoo and Peetala (2011) have discussed convective surface heat transfer measurement
technique for aerodynamic problems. In most of the cases, the flow is unsteady which results in
temperature variation in the body. The surface heating rates are predicted from the measured
temperature histories by suitable heat transfer modeling. In this work, the temperature history
obtained from a nickel film sensor during a flight test is considered to study the effect of sensor
thickness on surface heat flux measurements during the flight measurement. Inverse methods
using analytical solutions as well as control volume approximations are used to infer the surface
heat flux. The experimental temperature data are discretized using cubic spline method to obtain

the closed form solution which is used for inverse analysis. The results are compared with that of
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standard bench mark results with thin film gauge analysis based on semi infinite one dimensional
medium. No significant change in surface heat flux is observed between inverse and thin film
analysis. However, when the thickness of nickel film is increased by 100 times during numerical

simulation of inverse method, it is seen that peak surface heat flux increases by 20%.

2.3 Literature Review on Nanomaterials and Nanofluids

Tsung et al. (2005) have developed a submerged arc nano synthesis system for preparing copper
based nanofluids with different morphologies and using various dielectric liquids. Pure copper is
selected as the electrode as well as the work piece material. Copper is heated and vaporized by
arc sparking between two electrodes immersed in dielectric liquids. The copper aerosol can be
condensed to form nanoparticles immediately by the cooling media (dielectric liquids). The
nanoparticles then dissolve in the dielectric liquids which become metal nanofluids. Various
morphological copper based nanoparticles can be synthesized using different dielectric liquids.
The effects of experimental parameters and dielectric liquids on the characteristics of final
products have been investigated. The possible formation mechanism of copper based nano

particles with the faster growing faces is suggested.

Hwang et al. (2006) have discussed nanofluid as a new kind of engineering material consisting
of nanometer sized particles dispersed in base fluid. In this study, various nanoparticles, such as
multi walled carbon nano tube (MWCNT), fullerene, copper oxide and silicon dioxide have been
used to produce nanofluids for enhancing thermal conductivity and lubricity. As base fluids,
diluted water, ethylene glycol and oil have been used. In order to investigate the thermo physical
properties of nanoluids, thermal conductivity has been measured. The experimental results of
thermal conductivity of nanofluids are compared with the modeling results. The stability of

nanofluid has been estimated with ultra violet (UV) pectro-photometer. Thermal conductivity of
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nanofluid has been increased with increasing volume fraction of nanoparticle except for water
based fullerene nanofluid because it has lower thermal conductivity (0.4W/mK) than that of base
fluid. Stability of nanofluid gets influenced by the characteristics between base fluid and
suspended nanoparticles. Various nanofluids have been prepared and their stability has been
estimated by UV spectrum analysis. Stability of nanofluid is strongly affected by the
characteristics of the suspended particle and base fluids such as the particle morphology, the
chemical structure of the particles and base fluid. Moreover, addition of surfactant can improve
the stability of the suspensions. Thermal conductivities have been measured by the transient hot
wire method. Conclusively, thermal conductivity enhancement depends on the volume fraction
of the suspended particles, thermal conductivities of the particles and base fluids. Also the
experimental results of the thermal conductivity of MWCNT nanofluids have been validated

with the calculated results.

Yang et al. (2007) has prepared novel nano silver coated multi walled carbon nano tube
composites, used them to fabricate a modified electrode and to determine traces of thiocyanate
for the first time. The characterization of nano silver coated multi walled carbon nano tubes was
revealed through SEM (Scanning Electron Microscope) and XRD (X-Ray Diffraction) methods.
The electro chemical behavior of the modified electrode with thiocyanate was investigated by
cyclic voltammeter. It is found that the anodic peak current decreased with the addition of trace
thiocyanate. So the electrode developed was used to determine the trace of thiocyanate and limit
of deletion was obtained. Actual samples, such as saliva and urine of smoker and non smoker
were analyzed by the proposed method and satisfactory results have been obtained. The
constructed electrode showed excellent reproducibility and stability. This method provides a new

way to construct modified electrode for biological and environmental analysis.
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Alexander et al. (2008) discussed a graphene material discovered from carbon that consists of
only one plain layer of atoms arranged in honeycomb lattice exhibiting a number of intriguing
properties. The unusual energy dispersion relation, the low lying electrons in single layer
graphene behave like mass less relativistic. Dirac fermions, gives rise to unique phenomena such
as quantum spin Hall Effect, enhanced Coulomb interaction, suppression of the weak localization
and deviation from the adiabatic born oppenheimer approximation. Its extraordinary high room
temperature carrier mobility, conductance quantization possibilities of inducing a band gap
through the lateral quantum confinement and prospects for epitaxial growth make graphene a
promising material for future electronic circuits. Despite theoretical suggestions that graphene
may also have unusually high thermal conductivity. This work was the first experimental
investigation of thermal conduction in a suspended single-layer graphene performed with the
help of con focal micro-Raman spectroscopy. The room temperature values of the thermal
conductivity of up to 5300W/mK, were extracted for a single layer graphene from the
dependence of the Raman peak frequency on the excitation laser power. The extremely high
values of the thermal conductivity suggest that graphene can outperform carbon nano tubes
(CNTs) in heat conduction. The superb thermally conducting property of graphene is beneficial
for the proposed electronic applications and establishes an excellent material for thermal
management. The discovered outstanding thermal properties of graphene provide an extra
motivation for integration with the nanometer scale silicon complementary metal oxide
semiconductor technology. Furthermore, it increases the range of graphene applications as the

thermal management material in optoelectronics, photonics and bioengineering.

Malongo et al. (2008) has developed a silver based solid carbon paste electrode for use as a

detector in ion chromatography (IC) for the sensitive determination of iodide in real samples.
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Micro and nanoparticles of silver were investigated for the fabrication of different electrodes.
The iodide assay was based on IC with ampere metric detection (IC-AD) at a silver composite
electrode polarized. Free iodide and organic iodide compounds were studied. The detection
process was characterized by studying the redo behavior of iodide ions at both silver and silver
composite electrodes by cyclic voltammeter (CV). The presence of iodide ions in solution was
found to considerably facilitate metallic silver oxidation with response currents directly related to
iodide concentration. The calibration curve at the selected silver carbon paste electrode was
linear in this concentration range. The relative standard deviation for successive injections was
below 3% for all iodide standard solutions investigated. The IC-AD method was successfully
applied to the determination of iodide in complex real samples such as table salts, sea products
and iodide bound drug compounds. With the developed IC-AD methodology, the detector can be
operated for weeks without surface cleaning or renewing and the sample treatments do not
require tedious cleaning or extraction procedures. Linear responses within a broad dynamic

range and detection and guantification limits down have been achieved.

Acharya et al. (2009) has demonstrated a facile route to decorate the surface of networked
single walled carbon nano tubes (SWNTSs) with silver nano particles (Ag-NPs). The method is
based on utilization of either spherical poly (styrene-b-4vinylpyridine) (PS-b-P4VP) or
cylindrical poly (styrene-b-acrylic acid) (PS-b-PAA) copolymer micelles capable of stabilizing
nano tubes in solution and subsequently forming a thin and uniform block copolymer/SWNTs
composite film upon spin coating. The selective doping of silver acetate into either P4VP or
PAA domains in a thin composite film followed by thermal treatment result in the formation of
Ag-NPs in the cores of micelles. Further, heat treatment at 500°C sufficiently high for degrading

both block copolymers allows these to fabricate a thin SWNTs network in which Ag-NPs are
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efficiently deposited on the surface of nano tubes. A sharp surface plasmon absorption band
around 400nm of the networked SWNTs with Ag-NPs confirms the presence of Ag-NPs with
narrow distribution in their size. The networked SWNTs/metal NPs are potentially useful for
chemical sensors, conducting networks and 2D templates for vertical metal/semiconductor nano

wires.

Rochefort et al. (2009) has performed calculations on the interaction of graphene with benzyl
mercaptan and on the role of the mercaptan in the adhesion of platinum nano particles. The
calculations indicate that these particles adhere more strongly to defect free graphene than does
benzyl mercaptan, which is essentially physisorbed. The role of the physisorbed mercaptan is to
offer an abundance of SH sites, to which the platinum bonding energy is greater than to
graphene. This would lead to a higher deposition density of nano particles, which are decorated
with chemisorbed mercaptan. The presence of benzyl mercaptan on the surfaces of platinum

particles should also contribute to hindering the metallic phase coalescence.

An extensive review of heat transfer enhancement using nanofluids and their relative advantages
over conventional heat transfer fluids have been discussed by Sadik and Anchasa (2009). Over
a decade ago, researchers focused on measuring and modeling the effective thermal conductivity
and viscosity of nanofluids. Recently, important theoretical and experimental research works on
convective heat transfer appeared in the open literatures on the enhancement of heat transfer
using suspensions of nano metered sized solid particle materials metallic or nonmetallic in base
heat transfer fluids. Further, theoretical modeling and experimental works on the effective
thermal conductivity and apparent diffusivity are needed to demonstrate the full potential of

nanofluids for enhancement of forced convection. The understanding of the fundamentals of heat
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transfer and wall friction is prime importance for developing nanofluids for a wide range of heat

transfer applications.

Tsai et al. (2009) have presented an effective procedure for the preparation of Ag/MWCNT
Nafion nano composite which exhibited sensitive SERS ability. The resulting Ag/MWCNT
Nafion nano composite was characterized by scanning electron microscopy and energy
dispersive X-ray spectroscopy. The silver nanoparticles can be decorated in the MWCNT Nafion
by an electro deposition method. The enhancement of the in situ determination of R6G in
aqueous solution can be achieved by using this methodology under optimum conditions. The
advantage of the preparation of AQJ/MWCNT nafion composite over most forms of SERS active
substrates is procedural simplicity. The present methodology demonstrates that the nano
composite film composed of Ag/MWCNT and Nafion has potential for optical chemical sensor

applications.

Xie and Chen (2009) have prepared homogeneous and stable nanofluids by suspending well
dispersible multi walled carbon nano tubes (CNT) into ethylene glycol base fluid. CNT
nanofluids have enhanced thermal conductivity and the enhancement ratios increase with the
nano tubes loading and the temperature. Thermal conductivity enhancement was adjusted by ball
milling and cutting the treated CNT suspended in the nanofluids to relatively straight CNT with
an appropriate length distribution. The addition of CNT into a fluid leads to substantial
enhancement of the thermal conductivity with the enhancement ratios increasing with the nano
tube loading and the temperature. Mechanical ball milling with chemical treatment is an effective
means to obtain relatively straight CNT with an appropriate length distribution which enables
optimized thermal conductivity enhancement in CNT nanofluids. The experiments demonstrate
that the collective effects involving straightness ratio, aspect ratio and aggregation play a key
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role in the thermal conductivity of CNT nanofluids. The researcher also focuses on the
qualitative interpretation according to the experimental results and more detailed quantitative
clarification of the effect of every specified factor. This study suggests that the thermal
characteristics of nanofluids might be manipulated by means of controlling the morphology of
the inclusions which also provide a promising way to conduct investigation on the mechanism of

heat transfer in nanofluids.

Muthtamilselvan et al. (2010) have discussed a numerical study to investigate the transport
mechanism of mixed convection in a lid driven enclosure filled with nanofluids. The two vertical
walls of the enclosure are insulated while the horizontal walls are kept at constant temperatures
with the top surface moving at a constant speed. The numerical approach is based on the finite
volume technique with a staggered grid arrangement. The SIMPLE algorithm is used for
handling the pressure velocity coupling. Numerical solutions are obtained for a wide range of
parameters and copper water nanofluid. The streamlines isothermal plots and the variation of the
average Nusselt number at the hot wall are also presented. It is found that both the aspect ratio
and solid volume fraction affect the fluid flow and heat transfer in the enclosure. Also the

variation of the average Nusselt number is linear with solid volume fraction.

Xie et al. (2010) prepared stable ethylene glycol based copper nanofluids using polyvinyl
pyrrolidone as dispersant, which was vital for the long term stability of nanofluids. The
substantial thermal conductivity enhancements were seen for the nanofluids. For ethylene glycol
based copper nanofluids with 0.5% volume at 50°C, the enhancement ratio was up to 46%. The
thermal conductivities depended strongly on the temperature of fluid and the enhancement ratios
increased along with the increasing temperatures. Brownian motions of copper nanoparticles

played the key role in determining the effects of the temperature on thermal conductivity
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enhancement of nanofluids. The measured apparent thermal conductivity showed the time
dependent characteristic within 15min. It indicated that the measurement should be made after
15min at least to obtain the true thermal conductivities of ethylene glycol based copper

nanofluids.

Duong et al. (2010) has developed platinum nano particles (Pt/NPs), grown directly on
multiwall carbon nanotubes (MWNTS) using a wet chemical reduction process. Gases permeable
Pt supported MWNT (Pt/MWNT) electrodes were then formed on micro porous PTFE
membranes through the vacuum filtration of a PUMWNT solution. The potential use of these
electrodes in ampere metric hydrogen sensor applications was assessed. Various material
analysis methods such as SEM, TEM and XRD were employed in order to characterize the
morphologies and microstructures of the Pt/MWNT nano composites. The electrodes exhibited a
nano porous interwoven surface morphology as a result of Pt agglomerates attached to the
MWNTSs. From the XRD and TEM measurements individual polygonal, Pt/NPs were confirmed
to have polycrystalline face centered cubic (FCC) structures and very small particle sizes of 2nm
to 7nm. The electrode fabrication process was sequentially optimized by adjusting the MWNT
content, H2PtCI6 concentration, NaBH4 concentration and the drying temperature. At optimized
conditions, the Pt/MWNT electrode displayed a high sensitivity greater than 200mA/ppm. It has
a fairly good selectivity to interfere CO species and has an excellent linear response over the
wide concentration range of 5ppm to 1000ppm. Furthermore, the performances of the electrodes

were found to be better than those of binary supported MWNT systems.

Xin et al. (2011) discussed a simple way to synthesize well dispersed platinum (Pt) and graphene
(G) catalysts using graphene oxide as a precursor. The introduction of lyophilization offered a

facile and efficient approach to produce well soluble graphene and heat treatment was employed
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to improve the performance of Pt/G catalysts. Electrochemical experiments toward methanol
oxidation indicated that Pt/G had higher catalytic activity than that of Pt/C and the stability of
Pt/G was better than Pt/C catalysts. Pt/G after heat treatment at 300°C performed higher intrinsic
activity and stability for methanol oxidation, which may be attributed to four effects induced by
heat treatment: (i) the enhancement of interaction between Pt and grapheme; (ii) additional Pt
active sites exposed by the rolling of grahene sheets; (iii) decompose of partially surface
functional groups resulting to less defects on graphene for stability improvement; (iv) Pt surface
morphology from amorphous to more ordered states introducing more active catalytic sites. The
SEM and TEM results also showed that graphene was in favor of improving the distribution of Pt
particles. It indicates that graphene is a promising supporting material to modify catalytic

properties of Pt for fuel cell catalysts.
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Chapter - 3

Design and Fabrication of Heat Transfer Gauges

Thin film gauges and coaxial thermocouples are most cost effective resistance temperature
detector (RTD) thermal sensors for dynamic temperature measurements mainly because of very
fast response time (milliseconds or less). The thin film gauges have a sensing element mounted
on an insulated substrate. Typically, the sensing element is a metal with high values of thermal
conductivity (platinum/nickel/gold). Since, the gauges are intended to measure surface heat flux,
it is essential that there should not be any heat conduction in the substrate. So, the material of the
substrate must be an insulator with a very low value of thermal conductivity. While preparing the
film, if adequate resistance is not maintained, then there is a chance of self heating. So, it is an
art and needs expertise to prepare these handmade thin films gauges. In order to enhance the
thermal properties of platinum, if some suitable proportions of nanomaterials are mixed, then
gauges can be re-fabricated with improved value of sensitivity. The CNTSs are the most effective
nanomaterials with high value of thermal conductivity and very high aspect ratio. A surface
junction coaxial thermocouple is also a fast response sensor that can be considered for short
duration applications. Here, the sensing area is a surface not as junction point as in the case of
conventional thermocouple. All these thermal sensors need an insulating substrate of certain
minimum thickness such that the substrate behaves a semi-infinite medium for the heat flux to
penetrate during the experimental time scale of measurement. In this chapter, the fabrication
techniques of each of the heat transfer gauges, enhancement of thermal properties of the thermal

sensors with CNTs and some design aspects of substrate are discussed in details.
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3.1 Introduction

The measurement of heat transfer rates of highly transient surfaces are very important in the
design of internal combustion engine, aerodynamics vehicles, gun barrels and high speed flow
environments. In such cases, the technique used for accurate heat fluxes measurement should suit
transient conditions and must have a fast enough response time to trace variations caused by
rapidly changing flow conditions. In most surface heat transfer mapping, very fast response
sensors are used for dynamic temperature measurements in the flow. With respect to high speed
flow environment, the response time of the temperature sensors become more crucial because the
experimental time scale of measurement is very small (~ milliseconds or less). Thin film gauges
and coaxial thermocouples are suitable for measuring highly transient surface temperatures
because the response time of these sensors are in the range of microseconds. The transient
measurement of temperatures is usually performed by mounting the temperature sensors
embedded inside the heated material. The surface heat fluxes are then estimated from the
temperature history, analytically/numerically by one dimensional heat transfers modelling. These
heat transfer thin film gauges are RTD sensors prepared by deposited high conducting
temperature sensitive materials (platinum/nickel/silver) on the insulating surfaces of low
conducting material (Pyrex/Macor/Quartz). The thermal conductivity of the thin film gauge
material plays an important role in the measurement of highly transient heat transfer rate. High
conducting nanomaterials have been extensively researched in recent years. Nanomaterial
becomes a new challenge for the heat transfer material because of their higher thermal
conductivity and stability than those of the conventional heat transfer material or the suspension
of micro sized particles (lijima et al. 1991, Tsai et al. 2005, Geim et al. 2007, Stampfer et al.

2008 and Li et al. 2008). Since the solid nanoparticles with typical length scales of 1nm to100nm
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with high thermal conductivity are suspended in the base material (low thermal conductivity),
have been shown to enhance effective thermal conductivity and the convective heat transfer
coefficient on the base material.

Thin film sensors suitability for measuring surface temperatures history in very short
duration tests has been well established by (Vidal 1956 and Schultz et al. 1973). Further, the
application and development of the traditional TFG are described by several researchers (Doorly
and Oldfield 1985, Oldfield et al. 1980, Dunn et al. 1986, Piccini 1999 and Piccini et al. 2000).
In recent years, there has been considerable interest in extending the thin film technique for the
measurement of fluctuating heat transfer rates in transient experiments, especially for gas turbine
applications (Dunn and Holt 1982). Thin film heat transfer gauges are made out of temperature
sensitive materials and deposited on an insulated substrate material. Normally, these thin film
gauges have a highly sensing gauge material (Platinum/Nickel/Silver) mounted on insulating
substrate (Pyrex/Macor/Quartz). Platinum is in the form of paste that can be used to fabricate a
thin film on the substrate material surface. Also, it has extremely sensitive resistance that varies
linearly with temperature (Benedict 1984). Most of the literatures do highlight the importance of
thin film gauges for prediction of transient heat flux measurement. However, when it is desired
to have measurement of small order of magnitude of heat flux (~1 W/m?), the accuracy becomes
an issue. It is mainly because of the limitations in thermal properties of gauge material and its
sensitivity. With recent advances in nano technology, it is possible to enhance the thermal
properties by mixing nanomaterials into the gauge material (Platinum/Nickel/Silver). Recently,
there has been interest in using nanomaterials as additives to modify heat transfer materials to
improve their performance (Lee and Choi 1996). Dispersion or suspension of nanomaterials of

high thermal conductivities into base materials gives rise to higher thermal conductivity of the
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mixtures (Wang et al. 1999), thereby increasing the heat transfer coefficient. CNTs are a new
form of materials are found to be most effective nanomaterials because of their unique thermal
conductivity (3000W/mK), chemical stability, excellent electrical conductivity, high surface area
and strong mechanical strength associated with high aspect ratio (lijima 1991, Tsai et al. 2005,
Schniepp et al. 2006, Geim and Novoselov 2007, Stampfer et al. 2008, Li et al. 2008, Westervelt
2008 and Peres et al. 2009). Because of the high thermal conductivity and large aspect ratios, the
nanomaterials are expected to improve the thermal property when mixed with base fluid. CNT
based electrodes are prepared by mechanical abrasion onto graphite surface as paste (Rubiane
and Rivas 2005) and in the form of composite (Pumera et al. 2006). The electrodes modified
with the mixture of (platinum chemicals and CNT) have recently received much interest for the
purpose of designing thermal sensors (Shan et al. 2009, Kou et al. 2009, Duong et al. 2010 and
Belinda et al. 2010). Noble nanoparticles such as platinum exhibit electro catalytic behaviour to
hydrogen peroxide and have been widely used for sensing applications (Chu et al. 2007 and Qu
et al. 2007). It will be attractive to prepare nanoparticle functionalized means platinum
nanoparticles nanocomposite because such a functionalized may generate synergy on electro
catalytic activity and thus enhance the sensitivity of the biosensors. However, severe aggregation
always takes place in the as prepared CNTs because of the non-reactive surfaces, intrinsic
Vander Waal forces and very large specific surface areas and aspect ratios (Park et al. 2002).

In coaxial thermocouples, two dissimilar metals are joined together to form a junction
and when exposed to a temperature gradient, a corresponding voltage is generated (Seebeck
effect). The coaxial thermocouples are generally fabricated by one thermocouple element is
swaged over the second element with an insulating material in between with a typical thickness

of about a few micrometers. The thermocouple junction is simply formed by grinding its front
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surface with sandpaper. The micro-scratches generated by this process form the active junction
of the thermocouple and it represents a very small amount of active mass resulting in a short
response time. The voltage difference generated can then be measured and related to the
corresponding temperature gradient with respect to a known reference temperature. The coaxial
thermocouple design has originally been proposed by (Bendersky 1953), which is made of a
small wire coated with a thin layer of aluminum oxide insulation. Various types of surface
temperature sensors are, eroding surface thermocouples on cast iron substrates, spot-welded
surface thermocouples on iron, brass and stainless steel substrates, vacuum deposited
thermocouples and platinum thin film resistance thermometers (Gatowski et al. 1989). The
surface junction thermocouples have been formed by using scratches from abrasive paper or
scalpel, this causes a small scale plastic deformation of the thermocouple materials and bridges
the insulation gap, forming a fine junction which gives a response time of the order of
microseconds (Mohammed et al. 2008). Tapered conical inner electrodes can also provide a
reliable insulation and allows sufficiently thin sensing junctions for a fast response time (Davis
1999). There are several methods of making a K-type coaxial thermocouple that are described in
the literatures. Over five decades ago, Kovacs and Mesler (1964) devised an electro less nickel
plating and deposition of camphor black onto the Chromel strip to prepare a thermocouple.
Buttsworth (2001) prepared a thermocouple by placing a Chromel wire inside a hole of alumel
annulus and baking the assembly in furnace so that an oxidation layer would build along the
length. Another method was proposed by Mudford and Gai (1992) where a chromel wire is
disposed into a hollow alumel cylinder and the two thermo elements were separated by a thin
film of araldite as insulation. The data reduction techniques and the theory of one dimensional,

unsteady heat conduction into a semi-infinite medium were also reported (Cook and Felderman
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1966, Schultz and Jones 1973, Sundqvist 1992, Menezes and Bhat 2010). The analysis was based
on the non-dimensional thermal penetration depth, the variation of material properties like
thermal diffusivity, thermal conductivity for alloys like chromel, alumel and constantan within
the temperature ranges.

The coaxial thermocouples are less sensitive than thin film sensors but are more robust
for use in harsh environment while the thin film sensors provide very fast response and accurate
measurement of the surface heat fluxes (Sanderson and Sturtevant 2002, Michael et al. 2010). In
certain harsh flow conditions, the thin metallic film (in case of evaporated or sputtered thin film
gauges) may be destroyed by the impact of small particles carried by the flow or due to high heat
fluxes which cause too high thermal stresses in the film resulting in its destruction. Therefore, for
determining relatively low heat fluxes in clean environmental conditions, thin film gauges are
recommended whereas for high heat fluxes in harsh conditions thermocouples represent the
better choice (Olivier and Gronig 1995).

The different types of thin film gauges and coaxial thermocouples are well established in
engineering and scientific application. So, in this work an attempt has been made here to
fabricate two types of thin film gauges and one type of coaxial thermocouple in the laboratory.
The thin film gauges are fabricated by depositing the paste of (platinum and
platinum/nanomaterials) based over the substrate material (pyrex) surface. The K-type coaxial
thermocouples are also fabricated by one metallic element swaged over the second element with
1um thick insulating (Teflon) material in between them. Here, a surface junction is formed by
grinding the front surface that provides micro-scratches leading to small scale plastic
deformation. The micro-scratches generated by this process form the active junction or sensing

area of the coaxial thermocouple and it represents a very small amount of active mass resulting
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in a short response time. The voltage difference or change in temperature generated can then be
measured and related to the corresponding temperature gradient with respect to a known

reference temperature.

3.2 Design and Fabrication of Heat Transfer Gauges

3.2.1 Platinum Thin Film Gauges

These thin film gauges are prepared with the help of metallic platinum ink mounted on insulating
substrate materials. The type of substrate materials can be Pyrex/Macor or any other ceramic
glass having good insulation properties. It ensures the validity of the semi-infinite slab
assumption where heat does not penetrate into the substrate during the measurement time scale.
Pyrex or Macor materials are the ideal substrate material because it has a low thermal
conductivity and they can be heated up to 1000°C without significant geometric deformation. It
should also be noted that this material may be machined easily so that gauges may be placed on
complex geometrical shapes. Although substrate materials are available in different shapes, a
small cylindrical shape is suitable and convenient for constructing rapid response RTD to be
used in transient facilities. During the preparation of the gauge, the thickness of the film is
maintained to be very small (0.1um - 1.0um) that the temperature on the surface of the substrate
is same as that of film. So, the solid rods of pyrex material with 10mm long and 6mm diameter
are used (Fig. Al: Appendix - I). For the gauge material to sit properly on the substrate
materials, the surface is polished to remove sharp irregularities and to maintain sufficient
smoothness. It is achieved through hand polishing the surface with grain silicon carbide
sandpaper (wet and/or dry). The smoothing is also done with grain sandpapers by mounting the
substrate on a rapidly rotating flat disk. It is performed for several minutes until the substrate

material surface appeared visibly polished. Sufficient care is taken to ensure that the substrate
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surface remain flat and level during polishing. The edge of the cylinder is slightly chamfered
using grain sandpaper with the RTD mounted in a rapidly rotating drill. Rounding of the edges is
required to avoid wrapping the lead connections around sharp corners, which would result in
poor electrical contact. In order to complete the smoothing process, a crocus cloth is used with
the rotating flat disk. After the surface is adequately polished and the substrates piece is washed
with water, it is then placed under heating lamp to dry. The drying process is very important
since geometric discontinuities in the substrate material such as cracks or cavities may produce
faulty sensors. Therefore, the surface of the substrate material is examined using a
metallographic microscope before the gauge material being applied. In this, the platinum ink
with 99% purity (Fig. A2: Appendix - 1) is used to prepare the film.

Commercially, the platinum films are formed on insulating substrates by using
preparations of metalloid organics (Benedict 1984). These are solutions of metal compounds in
organic solvents. The liquid contains fine metallic particles in suspension and chemical agents
that attack the surface of the substrate to provide a highly adherent film. Before depositing them
on the substrate material, the liquid bright platinum solution is mixed with thinner. The relative
concentration of the platinum and thinner is also important because the final resistance of the
gauge depends strongly on the amount of platinum deposited on the surface. Further, poor
adhesion may arise due to thick liquid and importance of thinner is felt. After mixing appropriate
be more specific quantity of thinner, the liquid becomes thin enough to be applied on the
polished surface using a needle. During the present investigation, it is found that a mixture of
three parts thinner and one part of liquid bright platinum applied using a small brush with fine
hairs produces the best films. The platinum is deposited on the surface of the substrate using the

needle in a single stroke such that uniform film thickness is ensured. Immediately after the
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platinum is applied, the gauge is dried by a high power lamp for about 10-20mins. Drying is
performed in a clean environment to avoid the collection of dust or other impurities on the gauge
surface. The gauge is baked further at high temperature (~ 120°C) in a temperature controlled
electric furnace to remove the carriers and subsequently brought to room temperature. After pre-
baking, the substrate is supported on steel base and inserted into an electric furnace (Fig. A3:
Appendix - I). The temperature in the furnace is gradually increased to 650°C by keeping the
gauge inside the furnace which is achieved in an hour. After this temperature is achieved, the
gauge experiences constant temperature (650°C) for about 30mins. During firing, it is necessary
that the rate of increase needs to be gradual so that blistering or boiling of the film does not
occur. A number of changes occur in the film during the firing operation and understanding these
changes can help to achieve satisfactory films. The gradual thermal decomposition and
combustion of metalloid organic molecules leaves the metal components free to form the film.
Also, during firing, the base metal additions are oxidized. Theses base metals form a glass which
acts as the interface bond between the substrate and the platinum. As temperatures are further
increased, the development of this interface bond becomes optimum. The exact peak
temperature is determined by both the requirements of the platinum bond as well as the
limitations of thermal deformation of the substrate material. After baking, the thin film gauges
are cooled slowly to natural room temperature in the furnace in order to avoid cracking inside the
platinum, substrate and interface between the materials. These cracks may cause the film
resistance to increase with time due to stress relief. After the preparation of the gauge, it is
desired to have necessary electrical connections at the bottom of the substrate. So, further thin
films have to be prepared using some metalloid organic materials, which can maintain

appropriate contact between the platinum gauges and connecting wires.
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(c)

Fig. 3.1: Platinum thin film heat transfer gauges or thermal sensors when Pyrex or Macor as a
substrate material

Gold/silver are some of the appropriate metals to achieve suitable electric contacts
because they have the baking temperatures in the same range as that of platinum. Here, a silver
paste is used as a film on both sides of platinum sensors for the purpose of electrical connections
(Fig. A2: Appendix - I). Thin silver films are applied by hand painting on both sides using a
needle on the polished surface of the substrate material. After painting, the films are dried at

350°C in the same furnace to allow the evaporation of the chemicals used as binders in the
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preparation of the ink. When silver film becomes completely dry, the gauge becomes ready for
electrical connections. An insulated lead wire with an outer diameter of 0.3mm is used for
making the connections. The wires are attached to the silver film using soldering operations.
Insulation tapes (Teflon) is then used to increase the structural stability of the wire leads. The
photographs of few such platinum thin film gauge prepared in the laboratory with above

procedure are shown in Figs. 3.1(a-d).

3.2.2 Platinum-CNT Thin Film Gauges

The application of carbon nano tubes (CNT) in the heat transfer research area was first
demonstrated by Ijima (1991). At present, CNT is the thinnest tube that a human can prepare. It
has advantages in lightweight, high strength, high toughness, flexibility, high surface area, high
thermal conductivity, good electric conductivity and chemical stability. CNT can be applied to
manufacture smaller transistors or electronic devices. Since, it has high toughness; it can be
made into high strength composite with other materials. Besides, CNT has both conductor and
semiconductor properties. Therefore, for electronic circuit, the semiconductor property of CNT
enables its application to field emission transistor gate electrode, which has 100-times higher
electric conductivity than silicon semiconductor. The conductor property makes CNTSs to have
similar thermal conductivity as compared to diamond and superior current carrying capacity to
copper and gold.

Platinum materials are commonly used metals to prepare thin film sensors because of
their high reactivity and chemical inertness. In order to fully utilize the catalytic activity of
platinum, it is critical to anchor the platinum strongly on the supporting material and to prepare
platinum based working sensors with a large surface area on which electrochemical reactions can

take place. Carbon nanomaterials such as carbon black, carbon nano fibers and CNTs are widely
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used as a supporting matrix. Considering the excellent electro catalytic characteristics of
platinum and CNT materials, the supported nano composites would be an ideal material for thin
film sensors. In this work, purified form of CNTs with a spherical nanostructures are used (Fig.
A4: Appendix - I). These spherical carbon molecules have unusual properties and can be
activated so as to generate functional groups such as COOH, OH and CO for better adhesion of
the platinum to the CNT surface.

The procedure for preparation of platinum-CNT thin film gauge involves the mixing of

suitable quantity of platinum (by mass) with CNT with adequate amount of thinner (Fig. A5:

Appendix - 1). The CNTs mixed with platinum by a mass fraction (8 =5%)are placed in the

beaker and further in a tip-sonicator (Fig. A6: Appendix - 1). The solution is then continuously
stirred for 45min under ultrasonic vibration. Thus, the ultrasonic power is converted into high
frequency mechanical vibrations, that intensifies the probe focused at the tip where the
atomization takes place. Mixing takes place uniformly with the probes by holding the jack with
adjustable elevation. Booster are generally used to connect the converter and the probe acts as a
mechanical amplifier that increase the amplitude of vibration at the probe tip. Generally, the
probes are one-half wavelength long tools that act as mechanical tranformers to increase the
amplitude of vibration generated by the converter. In the tip sonicator, VCX digitally displays
the actual amount of energy that being delivered to the probe and terminates the ultrasonics
waves when the desired amount of energy is dispensed. In mixing process even though ultrasonic
vibrations are above the human audible range, ultrasonic processing produces a high pitched
noise in the form of harmonics which emanate from the vessel walls and the fluid surface.

Therefore, an enclosure is used in this process which is a white laminated with its interior as
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white waterproof polyethylene noise abating material. The access door permits observation
during treatment and protects the operator against accidental splashing.

After mixing of platinum chemical with CNT material, the mixtures are deposited on the
highly polished substrate (Pyrex) material surface. This platinum/CNT mixture is necessarily the
liquid containing fine platinum particles in suspension of chemical agents which attack the
surface of the substrate material surface to provide highly adherent film. The drying of these
mixtures is also done by evaporation of these chemical binders at temperatures around 200°C in
the temperature controlled oven. These platinum/CNT films are then naturally cooled to the
atmospheric room temperature. Since this film does not make appropriate contact with
connecting wires, a thin film of silver paste is applied on either sides of the substrate material
surface. When silver film becomes completely dry, the gauge becomes ready for electrical
connections, to achieve necessary electrical connections in the same procedure as discussed in
Section 3.2.1. The platinum/CNT based thin film heat transfer sensor design and prepared using

this procedure is shown in Fig. 3.2.

Platinum/CNT

Fig. 3.2: Photograph of a platinum/CNT thin film heat transfer gauge
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3.2.3 Fabrication of K-type Coaxial Thermocouple Sensor

Thermocouples have been widely used techniques for many years as accurate temperature
measurement sensor in internal combustion engine cylinder walls (Alkidas 1985), aerodynamics
facilities (Jessen 1991), gun barrels (Chen 1995) and in boiling experiments (Lee 1985).
Thermocouples offer advantages of being capable of operating over a large temperature range
and are low in cost. The most important factor that determines the performance of the
thermocouples (such as accuracy, response time and repeatability) is the quality of the junction.
In conventional thermocouples, two dissimilar metals are connected together to form a junction.
Depending on the type of materials used and temperature range of applications, they are
classified as K or E or T-type thermocouples (Chung and Brill 1993) and are best suited for
steady state temperature measurements. In contrast, a coaxial thermocouple has a unique design
in which one thermocouple material is swaged over the second element with an electrical
insulation between them. The surface junction is formed by grinding the front surface, thus
micro-scratches are generated by this mechanism, which makes it suitable to respond in short
duration time scale. Being coaxial, they can be easily fitted to any types of surfaces for accurate
measurement of rapidly varying temperatures.

The K-type coaxial thermocouple is prepared with chromel and alumel wires of diameters
0.9mm and 3.25mm, respectively (Fig A7: Appendix - 1). Since, the diameters of the wires are
very small, it needs precision work during the fabrication process. Before assembling the two
wires to form the junction, appropriate length of each wire (about 10mm) is prepared, so as to
keep the overall size of the sensor as small as possible. An insulating material (Teflon) is used to
tightly fix over the chromel wire, so as to avoid electric contact between two thermocouple

materials. A hole of 1mm diameter, is drilled into the alumel wire in which the insulated chromel
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wire is inserted and tightly fitted. Thus, the chromel wire forms the inner element while alumel
wire forms the outer tube element with an insulated coating in between the wires. The surface
junction is formed at the flush end, by using grinding process and subsequently scratching the
surface in the order of 10-15um. It creates a plastic deformation of one metal over the other by
bridging the insulating material between chromel and alumel elements, thus forms a microscopic
junction on the surface with very low thermal mass and inertia (Sundqvist 1992 and Mohammed
et al. 2008). The connecting leads are then soldered to each of the thermocouple wires and it is
then ready for mounting on the brass model to have proper stability this coaxial sensor. A small
acrylic piece is used as thermal insulation of this sensor with the brass and the photograph is

shown in Fig. 3.3.

Junction

Fig. 3.3: Photograph of a coaxial thermocouple sensor

3.3 Preliminary Analysis of the Heat Transfer Gauges

3.3.1 Thermal Property Analysis of the Platinum-CNT Mixtures

The high thermal conductivity of nanoparticles suspended in the base fluid which has a low
thermal conductivity, remarkably increase thermal conductivity of nanofluids or base materials.
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Researchers developed many analytical models to quantify the amount of increase and compared
them with experimental results (Tsai et al. 2005). Still, it needs further research to develop a
sophisticated theory to predict thermal conductivity of nano fluids or mixtures. But there exists
some empirical correlations to calculate effective thermal conductivity of two phase mixtures. In
the literature, the thermal conductivity enhancement ratio has been defined as the ratio of thermal
conductivity of the nanomaterials (high conducting material) to the thermal conductivity of the

low conducting base material (K, / K;). Researchers developed their thermal conductivity
models based on the Maxwell classical research on conduction through heterogeneous media

(Hamilton 1962). The effective thermal conductivity (Keﬁ )for a two phase mixture consisting of

a continuous and discontinuous phase is expressed in the following from;

2K, +K + B(K, -K))
2K, +K - 2B(K, Ky (3.1)

Where, g is the particle mass fraction of CNT in the platinum material, K, andK, are the

thermal conductivity of the platinum and the CNTSs, respectively. Maxwell derived this model
based on the assumption that the discontinuous phase is spherical in shape and the thermal
conductivity of nanoparticles depend on the thermal conductivity of spherical particles, the base
fluid and the particle mass fractions. The thermal diffusivity of the mixtures given in the terms of
thermal conductivity, density and specific heat is given below;

a. = Kef‘f _ Keff
" (PO (L= B)(pO), + BlpL), (3.2)

Here, «a,, is effective thermal diffusivity of the mixtures, p and care density and specific heat

of the materials, (oc), and(oc), are the thermal products of platinum and carbon nano tubes.

The variations of effective thermal conductivity and diffusivity for four different mass fractions
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(8 =5%,15%, 25%,35%) are shown in Fig. 3.4 and Fig. 3.5. The results showed that all the

models predict increasing effective thermal conductivity and effective thermal diffusivity for

increase of particle mass fraction of carbon nano materials in the platinum base material.
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Fig. 3.5: Variation of effective thermal diffusivity with CNT mass fractions
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3.3.2 Surface Morphology of the Platinum-CNT sensor

A scanning electron microscope (SEM) is a type of electron microscope that produces images of
a sample by scanning it with a focused beam of electrons. The electrons interact with electrons in
the sample, producing various signals that can be detected and that contain information about the
sample's surface topography and composition. The electron beam is generally scanned in a raster
scan pattern, and the beam's position is combined with the detected signal to produce an image.
SEM can achieve resolution better than one nanometer. A SEM typically has orders of
magnitude better depth of focus than an optical microscope making SEM suitable for studying
surface properties. The SEM characterization of CNT formed on the surface and inside of
platinum by catalytic process is shown in Fig. 3.6(a-b). The multi graphitic structure of CNT
wall is not clearly seen but it is likely that CNT are multilayered. Results obviously show
differences between these structures that confirm different mechanism of their growth. The
morphology of these structures is very similar to platinum/MWCNT growth by Fe nanoparticles

from planar surface as reported in previous studies (Belinda et al. 2010).

)
R A

(a)
Fig. 3.6: Surface morphology (SEM image) of thin film sensors
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3.3.3 Effective Thermal Properties for Sensors
The coaxial thermocouple is intended to capture the time varying surface temperatures and

subsequently estimate the surface heat flux. So, there is a need to know the thermo physical

properties of the substrate or more precisely the value of the thermal product (3). The effective

thermal product is an important parameter because it is used for deducing heat flux from the

temperature time history of the sensor. Thermal product is defined as the square root of thermal

properties (ﬂ = a/pck) of the materials used for gauge fabrication. In case of platinum/platinum-

CNT thin film sensors, it is the properties of the backing material (i.e. pyrex or macor). These
properties are given in Table - 1 (Appendix - Il). For the coaxial thermocouple, it becomes the
effective thermal product of the metallic substrate on which the surface junction is formed.
Depending on the way the junction is formed, appropriate weighting factors are used to account
for the contribution of each metal that holds the junction over it. In the present K-type
thermocouple, it is the contributions of both chromel and alumel wires. Usually, the weighting
factors for each material are difficult to estimate accurately. However, equal contribution
(weighting factor of 0.5) can be assumed for each of the metals by which the junction is formed.
So, the effective thermal product of the substrate has been taken as the average of the values for
chromel and alumel at ambient temperature for each step heating loads. In the literature, the
thermo physical properties selection of coaxial thermocouple (chromel and alumel wires) and
correlation equations are developed for the specific heat and thermal conductivity of calculations
as a function of temperature (Buttsworth 2001 and Mohammed et al. 2008).

Chromel materials

C. =0.1786T +394.3 (3.3)
K, =0.01912T +12.11 (3.4)
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Alumel materials

C, =0.07512T +500.8 (3.5)
K, =0.02981T +18.42 (3.6)
Here, the temperature T is expressed inK, the specific heat C is in J/KgK and the thermal
conductivity K is inW /mK . Based on the data reported in (Buttsworth 2001), the densities of
the chromel and alumel materials are taken to be 8730 Kg/m® and 8600 kg/m?® respectively. The

analysis of thermocouple materials and the variation of thermal products with change in

temperature are as given in Appendix - I11.

3.3.4 Analysis of Heat Transfer Sensors Thickness

The thicknesses (gauge and substrate materials) of heat transfer sensors are very important for
heat transfer modeling because thickness plays a crucial role in time scale of measurement and
heat penetration into the substrate. In the heat transfer sensors, the thickness of gauge film
(sensing area) material is very small for various types of films. Although, there are number of
methods are available, the most accurate one is the real time monitoring using optical technique
such as a profile meter (Fig. A8: Appendix - ). It consists of a phonograph needle that moves on
the surface of the gauge material and its mechanical movement is sensed electromagnetically.
Thus, the surface topography of the image is obtained. Sensing the mechanical movement of
probes as it traces the topography of a film-substrate step. The step can be made by masking or
etching during or after deposition respectively. Diamond probes with conical shaped are
commercially available for this purpose. Film thickness for heat transfer thin film gauges are
directly read out as the height of the resulting step contour trace as shown in Fig. 3.7(a-b). The

average values of measured thickness of the gauge or sensing materials are 1.21um and 1.36pum
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for platinum and platinum/CNT based heat transfer gauges. The thickness of substrate materials

are measured by using a vernier caliper (Fig. A8: Appendix - I) and is obtained as 10mm.
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Fig. 3.7: Gauge material thickness of (a) platinum and (b) platinum/CNT sensor
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3.4 Surface Temperature Analysis

If accurate heat flux measurements are to be made, then the thin film heat transfer gauges must
follow the one dimensional theory and follow the assumption of semi-infinite bodies. In order to
achieve this, the substrate materials on which the thin film gauges (sensing areas) are mounted
must be thin enough so that heat transfer occurs into the substrate is similar to that into a semi-
infinite solid. Furthermore, the films must be placed away from substrate discontinuities at
distances equivalent to or greater than those required for a semi-infinite substrate behavior. The
minimum thickness required can be obtained by considering the substrate base temperature to
surface temperature ratio for the situation shown in Fig. 3.8. For constant heat flux value applied
on the sensing (gauge) material, the temperature ratios at the surface and at any depth of

substrate material can be obtained (Vidal 1956).

T(xt) — efﬁ _(l) Eerfc (LMJ (3.7)
T(0,1) at) 2\ 2(at)

On the surface of the gauge material at x =0,

T(xt) o
TO0 e (3.8)

Where (a=k/ pc) is the thermal diffusivity of the substrate materials andk, p and care

thermal conductivity, density and specific heat of the substrate material, t is experimental time
intervals and X is the penetration depth of the substrate materials. Ideally, the temperature at the
substrate base should be the same as ambient or room temperature for all testing time. Therefore
at the end of a test, the temperature ratio in Eq. (3.7) should be very small. Then, by using Eq.
(3.8), the temperature ratio can be plotted as a function of the substrate depth for different time
scale of measurement. The results are shown in Fig. 3.9, Fig. 3.10, Fig. 3.11, and Fig. 3.12 with

substrate materials as pyrex, macor, chromel and alumel materials. With the present thickness
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(10mm) of pyrex and macor substrate materials, the surface temperature ratio drop is very small
(~ 1.0%) even the tests are conducted for 10s. In other words, the semi-infinite assumption of
heat flux penetration holds good for this case. However, these insulating substrates are actually
over 10.0mm thick to have proper mechanical strength while performing actual measurements
(Schultz and Jones 1973). It is obvious that substrates which exceed this value are satisfactory
for all test durations less than about 10s. Therefore, the semi-infinite assumption is well satisfied
for short duration testing. Similar plots are obtained for chromel and alumel materials as
substrate materials as shown in Fig. 3.11 and Fig. 3.12. Here, the temperature drop is less than
1%, for any value of junction thickness of 0.004mm when the duration of measurement is
200ms. With increase in time scale of measurement analysis, the surface temperature ratio drops
drastically and it is unlikely to have semi-infinite assumption of heat conduction modeling. With
the present design of substrate for thin film gauge and coaxial thermocouple sensors, all the
subsequent experiments are performed so that time scale of measurement justifies the semi-

infinite assumption during heat conduction modeling.
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Fig. 3.8: Heat conduction analysis of heat transfer gauge
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3.5 Summary

The fabrication method of heat transfer gauges started with initial trial and error phase of
construction process and only about 10% of the heat transfer gauge produced had the desired
resistance. Due to the rapid evaporation of the thinning essence and the inability to closely
regulate the platinum contained in the brush, the final resistance values were consistently too
low. Out of these 10%, nearly all were destroyed when subject to excitation voltages as low as
2V. These were caused by an inadequate amount of lead material at the contact points which
resulted in burnout. After gaining a considerable amount of experience of gauge deposition and
baking procedures, the success rate has increased to about 90%. Although the amount of sensing
material applied could not be easily regulated, this method proved to give more consistent and
reliable results. The analysis of variation of surface temperature histories for pyrex, macor,
chromel-alumel materials as a function of the substrate depth for several different testing time
intervals are also plotted. From the plots it can be seen that for a substrate base temperature to
surface temperature ratio of less than 1%, the substrate thickness must be at least 10mm for the
relatively long testing time (more than 10s). However, for reasons of mechanical strength,
insulating substrate are actually over 10mm thick. From the plots it is obvious that substrates
which exceed this value are satisfactory for short durations testing and well satisfied the semi-

infinite assumptions for heat conduction modeling.
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Chapter - 4

Static Calibration of the Heat Transfer Gauges for Transient

Measurement

The heat transfer gauges are basically the resistance temperature detectors (RTD). They operate
on the simple principle that changes in electrical resistance of pure metals are indicated as the
linear positive change in voltage with variation in temperature. These sensors are widely used
type of thermal sensor for measurement and control, and can also be used to convert a
temperature gradient into voltage. The thermal coefficient of resistance (TCR) and sensitivity of
these RTDs are the important parameters responsible to link the voltage variation with the
temperature change of the medium. The TCR and sensitivity of these heat transfer gauges
depend upon a variety of factors including the property of sensing junction or film materials, the
size of the film deposition and its shapes. The weight of the sensing junction of the thermal
sensor is also very important because a very small change in its weight may cause a significant
change of the final value of TCR and sensitivity. It is possible criteria with rather small weights
of importance to be much more critical in a given situation than that with larger weights. The
purpose of this work is to statically calibrate each handmade heat transfer gauges by using oil
bath based experimental technique. This experimental method is used to measure the variation of
change in voltage signals with change in temperature and calculate the typical value of TCR and

sensitivity of each handmade heat transfer gauges.
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4.1 Introduction

Heat transfer gauges are suitable for measuring highly transient surface temperature in flows of
this nature. From the time history of the surface temperature, the heat flux may be obtained. The
electrical resistance of most of the materials increases with rise in temperature. This
characteristic is used in electrical sciences to get the indication in voltage form for these
handmade heat transfer gauges or RTD sensors. A typical thermal resistance sensor consists of a
junction also known as sensing area mounted on a supporting framework and encased in a
protective sheath. The junction is composed of a circuit that is connected to the output signal
measuring instruments to measure the variations in the resistance across the materials. In order to
increase the performance (sensitivity) of the thermal sensors and to obtain a useful signal, the
change in resistance is converted into a change in voltage by using a Wheatstone bridge circuit.
The voltage changed can be displayed or can be sent to a recording device for subsequent
analysis. The ratio of change in voltage (physical property) and per unit change in temperature
across the sensor sensing materials is also known as sensitivity of the heat transfer gauges. The
sensitivity is an important parameter because sometimes, the sensitivity analysis may
dramatically improves the effectiveness of the initial study and assist in the successful
implementation of the final solution.

The RTD sensors are commonly used in surface heat fluxes measurement analysis
because of their reliability, ruggedness and ability to cover a wide range of temperatures.
Although no material is universally accepted for RTD elements, there are several factors that
govern the type of material used. The material should have a high resistivity which permits
fabrication in convenient sizes because any excessive bulk would degrade the response of the

sensor. In addition, the thermal coefficient of resistivity and sensitivity should be a constant
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quantity so that the variation of resistance with temperature becomes linear. Also, the higher
values of TCR and sensitivity indicate good response and accuracy in temperature measurement.
The material should be corrosion resistant and should not undergo phase changes in the
temperature range of interest. For consideration into thin film gauge materials, some common
materials that meet the above requirements are platinum, nickel, gold and silver (Bechwith
1995). However, platinum and nickel are exclusively used for precision thin film based heat
transfer gauges. Evidence of the important and reliability platinum RTDs can be found in the
international temperature scale which specifies a platinum resistance thermometer as the
interpolation standard (Benedict 1984). Platinum is an ideal sensing element and can be obtained
to a high degree of purity, but it is extremely sensitive to strains. Any minute impurity can alter
the linear variation response with temperature (Vidal 1956). However, the thin film gauges has to
be energized by constant current source to obtain the voltage change with temperature and hence
called as passive sensors. In case of thermocouples, the commonly used materials are chromel-
alumel and constantan-alumel, etc. These are the RTD sensors that can generate the voltage
without any power sources and called as active sensors. The thermocouple elements produce an
output voltage which depends on the temperature difference between the junctions of two
dissimilar metal wires. It is important to note that it measures the temperature difference between
two points, not absolute temperature. For practical measurement of temperatures, the junctions of
specific alloys are used which have a predictable and repeatable relationship between
temperature and voltage. Different alloys need to be used for certain specified range of
temperatures. Properties such as resistance to corrosion may also be important when choosing a
type of thermocouple material because any erosion of the metal films alters the sensitivity.

Where the measurement point is far from the measuring instrument, the intermediate connection

77
TH-1195_08610309



can be made by extension wires which are less costly than the materials used to make the
thermocouple sensors. Thermocouples are usually standardized against a reference temperature
of 0°C. Any attempt to measure this voltage signals necessarily involves connecting another
conductor to the ‘hot’ end. This additional conductor will then also experience the
thermal/temperature gradient and develop a voltage signal of its own which will oppose the
original value. Fortunately, the magnitude of the effect depends on the conducting material in
use. Using a dissimilar conducting metal a complete circuit can be created in which the two legs
generate different voltages, leaving a small difference in voltage available for measurement.
Industrial type RTD sensors are guarded against effects by elaborate precautions such as
encasing them in probes or in plugs (Figliola and Beasley 1995). Although they come in variety
of sizes and shapes most commercial sensors tend to be quite large and have a relatively slow
response time (Schooley 1986). Traditionally, commercial sensors are used to monitor
temperature rise or heat transfer over relatively long period of time. Applications of this nature
do not normally require detailed specifications such as response time, sensitivity and self heating
data. Therefore manufactures do not provide such information to qualify the product for high
speed research applications. These factors render commercial sensors virtually unusable for
many gas dynamic research applications. The advantage of custom built thermal sensors is that
they can be shaped to the contour of the test model. However, the cost of sensor material is
relatively high and the thermal sensors are usually destroyed by the harsh test environment after
only a few shot runs. Replacing all the thermal sensors of a heavily instrumented model can be
very expensive and impractical. Therefore, a low cost reliable method of handmade construction
and the calibration of the heat transfer gauges are needed. Static calibration refers to the

evaluation and adjusting the precision and accuracy of measurement equipment. It is also very
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important during calibration to make sure that the measurements taken during the period is also
valid. First, the handmade RTD heat transfer gauges must be calibrated for temperature to ensure
that the corresponding voltage change should be as desired. It requires an accurate knowledge of
the thermal properties (TCR) of the gauge materials. For example, the TCR of a heat transfer
gauges depends on a variety of factors including the property of sensing material, the size of the
deposition and its shape. The useful linear range also depends on a number of factors including
the uniformity of the metallic layer, purity and bonding to the substrate materials. Furthermore,
the value of the thermal property depends on the gauge construction and in particular the firing
details of the ceramic production process. For accurate transient temperature measurements by
heat transfer gauges, each sensor must be independently calibrated for temperature. Also, the
heat flux estimation requires an accurate knowledge of the thermal properties of the sensing
material. So, independent calibration of these handmade sensors is very much useful.

The objective of the present chapter is to calibrate the handmade heat transfer gauges for
temperature. The voltage rise corresponding to a known temperature change is measured. An oil
bath experimental setup is used for this purpose. This common experimental setup is useful for
all types of RTDs including the in house fabricated sensors (i.e. thin film gauges and coaxial
thermocouple). During the oil bath based experiment, the typical value of thermal coefficient of
resistance and sensitivity are calculated. It is found that these handmade heat transfer sensors are

also very sensitive to temperatures.

4.2 Working Principle of the Heat Transfer Gauges

In 1821, an Estonian physicist, Thomas Johann Seebeck, discovered that when any conducting
material (such as a metal) is subjected to a thermal gradient then it will generate a voltage. The

heat transfer gauges also operate on the same principle that the resistance of metal increases with
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a rise in surface temperature. The method for determining surface heat transfer rates depends on
the measured temperature rise during the test time and calculating surface heat flux from the
data. When using heat transfer gauges, the surface temperature is determined from the change in
resistance of the sensing film materials. For practical purpose the resistance of sensing materials

varies linearly with temperature as

R(T) =R, [1+a,(T-T,)] (4.1)
Where, R is the film resistance at surface temperatureT , R, the film resistance at temperature
T, and ¢, is the TCR which must be experimentally determined for each heat transfer gauges.

The thin film gauges are passive device therefore it operates usually by passing a low level
current (7mA to 15mA) through the thin film gauges during experiment period with the help of
constant current source as shown in Fig. 4.1. Therefore, the errors in the output signal
measurements are also reduced due to initial heating, self heating and heat generation across the
gauge materials of the thermal sensor. However, the thermocouples are self powered and they do
not require external form of excitation while measuring the voltage difference. Using the
fundamental Ohm’s law, the relation between change in voltage and change in temperature
signal is given by the equations,

AV

Vg

(T-T,)= (4.2)

Here, AV is the change in output voltage and V, is the initial voltage at temperature T, applied to

the heat transfer gauges. From Eq. 4.2, it is apparent that change in output voltage signal is
directly proportional to the change in temperature applied to the heat transfer gauges. However,
the maximum excitation voltage that can be applied to the heat transfer gauge is limited by

internal heat generation.
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Sensor

;;Output voltage signal

Fig. 4.1: Laboratory set up of constant current source and thermal sensor

4.3 Sensitivity Analysis of Heat Transfer Gauges

Sensitivity analysis is the study of the variation in the output of a model to different variations in
the inputs. It is a technique for systematically changing variables in a model to determine the
effects of such changes in the output. Here, the sensitivity of a sensor material represented asS ,
depends on the material's temperature and crystal structure. Typically, metals have small
sensitivity because most have half filled bands. Electrons (negative charges) and holes (positive
charges) both contribute to the induced thermoelectric voltage thus canceling each other's
contribution to that voltage and making it small. In contrast, semiconductors can be doped with
an excess amount of electrons or holes and thus can have large positive or negative values of the
thermo power depending on the charge of the excess carriers. The sign of the sensitivity can
determine dominance of charged carriers during the electric transport in both metals and
semiconductors. If AT is the temperature difference and AV is thermoelectric voltage between
the two ends of a material, then the sensitivity of a material is conventionally defined as,
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AV
S=— 4.3

AT (4:3)
The numerator of the Eq. (4.3) should be the difference in electrochemical potential while the
denominator is the chemical potential and is often relatively constant as a function of

temperature. For the present heat transfer sensors, the sensitivity can be increased with increase

in film voltage.

4.4 Static Calibration of Heat Transfer Gauges

Determination of thermal coefficient of resistance and sensitivity of the heat transfer gauges is
mandatory for inferring the temperature change and is generally obtained by using oil bath
technique. Static calibration refers to the evaluation of these parameters while maintaining the
precision and accuracy of output signal in measuring instruments. It is also important that the
temperature range should be within the actual experimental time scale of measurement. The oil
bath arrangement provides gradual step variation in the temperature fed to the sensors. The
experiments are performed to check the linearity between changes in resistance or voltage
signals with change in temperature across the sensing materials during heating and cooling
process. Subsequently, TCR and the sensitivity of each handmade heat transfer gauges are
determined. The useful linear variation also depends upon a number of factors including the
uniformity of the metallic layer, purity and bonding of the sensor sensing materials.

The oil bath arrangement provides gradual step variation in the temperature fed to the
gauges (Skinner 1962). In this method, hot air is produced in a beaker (where the sensor is
placed), by heating oil kept in another container as shown in Fig. 4.2. The surface of the heat
transfer sensors is heated in this process of indirect heating arrangements. Since the junction is

not in direct contact with heating oil, it remains protected. A scientific calibrated thermometer,
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the accuracy for the thermometer was +0.002°C (Fluke Hart Scientific 1523 thermometer) is also
mounted in the beaker along with the sensor to record manually the temperature of the air during
heating and natural cooling process. The heat supplied by a constant heat flux based heating unit
is utilized to heat the oil and subsequently utilized to create hot air in the beaker. Thus, the heat
losses due to various sources are minimized. Once the thermal equilibrium is achieved, the bath
temperature is recorded simultaneously by the sensor and thermometer. Before noting the final
readings, the bath temperatures are monitored at several locations to ensure the uniform
temperature gradient in the entire region of hot air beaker. An output signal measuring system is
used to monitor the change in voltage across the sensor for corresponding change in temperature.
The schematic diagram of the entire experimental setup is given in Fig. 4.3.

The oil bath calibration setup provides indirect way of providing temperature change
across the heat transfer gauges. The heat is supplied by a constant heat flux based heating
element that heats the silicon oil in the first beaker which produces hot air in another beaker
containing the heat transfer gauges. Some precautions and attention is required while performing
the experiments. When heat transfer gauges are placed in a temperature controlled beaker,
sufficient time is allowed (several minutes) for the bath temperature to approach thermal
equilibrium before any attempt to ascertain its value is made. The thermal sensors are brought to
thermal equilibrium with the bath at sufficient distance from one another to avoid disturbing the
flow around each other. Once this is accomplished the bath temperature can be monitored at the
point of use with the smallest possibility of temperature gradient. The readings noted for several
times such that no appreciable change in temperature is observed from the thermometer thereby
ensuring the thermal equilibrium. The volume of bath fluid is greater than that of whatever is

placed in it to avoid significant disruption of the normal flow patterns which would create non
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uniformities in the temperature of the bath. With proper attention, the thermometer is used to
record the temperature when the steady state is reached. The readings should be avoided, if the
temperature fluctuates over intervals much longer than the response time (several tens of
seconds) of the thermometers. In order to have the capacity of good control and uniformity of
temperature in a liquid bath, considerable attention must be given to the selection of a properly
designed bath, the controller, the sensor, the temperature range desired and the fluid to be used.
The output change in voltage signals are measured by using source meter. Since, the thin
film gauges are passive device, the sensors need to be energized by flow constant current
(10mA\) across sensors by using a constant current source (CCS) prior to the experiments. CCS is
also used to monitor the change in output voltage signals across the gauges for corresponding
change in temperatures. In case of coaxial thermocouples, a data acquisition system (DAS) can
directly measure output voltage signals because they are active device. The use of CCS and DAS
involve gathering signals from measurement sources and digitizing the signal for storage,

analysis and presentation on a PC.

4.5 Results and Discussions

The oil bath type static calibration technique of the thermal sensors provides gradual variation
with thermal emf as a reference voltage at the reference temperature. The results of calibration
for all the heat transfer gauges are recorded in both heating and natural cooling process, when
temperature of air increases from 45°C to 85°C (from room temperature) and during natural
cooling process up to 45°C. The temperature and voltage signals of the handmade thermal
sensors are recorded in the step of 10°C during the heating and natural cooling process. The
static calibration results of heat transfer gauges as shown in Figs. (4.4-4.6). It is seen that the

temperature during heating and cooling varies linearly with voltage. It is also found that, the
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voltage signals of heat transfer gauges also depend upon the heating and natural cooling process.
When the temperature of air is increased and then decreased to its original value, the change of
voltage or resistance signals inside the conducting materials does not follow the same path.
There is a lag between the internal and the external field i.e. behavior of resistance change is
different during heating and cooling. This behavior results in a loss of energy, commonly called
as the “hysteresis loss” in the form of heat. However, if sufficient care is taken while recording
the temperature and ensuring thermal equilibrium in the beaker, the hysteresis losses can be
minimized or reduced.

It is a general practice to calculate the TCR and sensitivity for both heating and cooling
experiments and use the average value to represent the TCR and sensitivity of the each heat
transfer gauges. In the present experiments, the average value of TCR are found to be 0.00239
K™, 0.00336K™ and 0.064K™ for platinum TFGs, nanomaterial based platinum TFGs and coaxial
thermocouples, respectively. In the same sequence, the sensitivities are 465uV/K, 738uV/K and
40.53uV/K respectively. The comparative analysis of sensitivity of all the thermal sensors is
shown in Fig. 4.7. Here, it is found that CNT supported platinum thin film gauges has better
sensitivity as compared to conventional platinum thin film gauge and coaxial thermocouple. It is
mainly because of the fact that addition of CNT improves the thermal property of the mixture.
The entangled nano porous platinum-CNT structures could provide a suitable change in heat
transfer rate and have large three phase boundary area. This property becomes critical when
preparing good sensors with the high catalytic reactivity of platinum material. The value of
sensitivity indicates that, these handmade sensors can be suitable for general purpose at high
temperature testing and can be used in oxidizing environment. The temperature sensitivity of

these handmade sensors are also checked regularly and it is found to be suitable for capturing the
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transient temperature variations during short time scale of measurement. The main limitation is

accuracy because the temperature less than one Kelvin (K) is difficult to achieve.

Fig. 4.2: Laboratory set up of oil bath type calibration
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Fig. 4.3: Schematic diagram of oil bath type calibration
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4.6 Summary

A method for static calibration of the heat transfer gauges has been presented in this chapter. The
oil bath based calibration setup is used to provide gradual temperature change to the handmade
sensors. Since, the sensors are not in direct contact with the heated fluid (i.e. silicon oil), they are
protected. The sensitivity and TCR are calculated from the readings of thermometer used in
calibration experiments both for heating and cooling. A good linear response between the change
in temperature and change in voltage signals is observed for all the handmade gauges. The
voltage variation with temperature shows a lag during heating and cooling which means the
hysteresis loss. Even though, it cannot be completely avoided, but can be minimized by reducing
the heat losses and thereby maintaining the thermal equilibrium inside the beaker. The average
value of TCR are found to be 0.00239K™, 0.00336K™ and 0.064K™ for platinum TFGs,
nanomaterial based platinum TFGs and coaxial thermocouples, respectively. In the same
sequence, the sensitivities are 465uV/K, 738uV/K and 40.53uV/K respectively. It is seen that
CNT supported platinum thin film gauges has better sensitivity and selectivity compared to all

other heat transfer gauges.
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Chapter -5
Dynamic Calibration of Heat Transfer Gauges for Transient

Heat Flux Measurement

Surface temperature history and subsequent determination of heating rates are the important
objectives in the present work. In the previous chapters, three different types of thermal sensors
(platinum thin film, platinum-CNT thin film and coaxial thermocouple) have been successfully
fabricated. Oil bath calibration experiments show the linear variation of voltage with
temperature. In the entire process, the main goal for all these sensors is to predict the unknown
transient heat flux. It is normally done through suitable heat conduction modeling and using the
transient surface temperature data obtained from the sensors. In order to generalize this
modeling, the sensors need to be calibrated experimentally for heat fluxes. The main objective of
this chapter is to explore the possibility of using heat transfer gauges for short duration transient
measurements with pure radiation and conduction mode of heat transfer. A simple dynamic
calibration set-up has been developed and used to supply known input heat flux of different
magnitudes to the handmade thermal sensors that are fabricated in-house. Experiments are
carried out by applying step heat load on the sensors by using laser light and constant heat fluxes
based heater of known input wattage. Recorded transient temperature data are processed for
estimation of input wattage using numerical and analytical models. For the known input heating
load, temperature signal is also predicted using one dimensional transient heat conduction solver
using ANSY'S. Encouraging agreement of these predictions has demonstrated the success of the
calibration methodologies. In fact, these simple laboratory experiments can simulate the step and

impulse heat loads which are encountered in high speed flow environments.
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5.1 Introduction

The measurement of transient heat transfer rates is very important in the design of internal
combustion engine, gun barrels and aerodynamics vehicles in high speed flow environments. In
these cases, the measurement technique for accurate prediction of heat fluxes must suit for
transient conditions and should have a fast response time to trace variations caused by rapidly
changing flow conditions. In most surface heat transfer mapping, very fast response thermal
sensors are used for dynamic temperature measurements in the flow. With respect to high speed
flow environment, the response time of the temperature sensors become more crucial because the
experimental time-scale of measurement is very small (~ milliseconds or less). The transient
temperature measurement is usually performed by mounting the thermal sensors, embedded
inside the heated material. The surface heat fluxes are then estimated from the temperature
history, analytically/numerically by one dimensional heat transfers modeling.

The accurate measurement of highly transient surface temperature needs fast response
temperature thermal sensors or heat transfer gauges such as thin film gauges and coaxial
thermocouples. It consists of a highly conducting thin film of sensing material placed on a low
conducting substrate material. During the actual experimentation, heat transfer gauges are flush
mounted on the test surface or placed at appropriate location where temperature history is to be
measured. When exposed to a heating environment, temperature of the surface changes that leads
to the variation in the resistance of the gauge and the voltage across the sensor. Hence,
measurement of voltage change across the sensing materials indicates the surface temperature
from the known thermal coefficient of resistance (TCR) of the sensing film material. The
measured time dependent surface temperature of the gauge with the known thermal properties of

substrate material, allows the estimation of transient heat flux applied on the surface from any
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source. This is generally accomplished by using theory of conduction of heat into a semi-infinite
body which has an assumption that the surface heat flux does not influence the temperature of
the rear end of the substrate material. It is also assumed that the temperature in the sensing
material is uniform and also representative of the substrate material surface temperature. The
details of methodology of the measurement using these thermal sensors and the procedure for
determination of surface heat flux from the voltage signal have been described in open literatures
(Vidal 1956, Carslaw and Jaeger 1959, Schultz and Jones 1973, Taler 1996 and Haldeman et al.
2005). The simple measurement technique and the analysis pathway are the key features of these
heat transfer gauges. However, some other contemporary techniques have been developed for
transient surface temperature measurements such as temperature sensitive paints (Mosharov et al.
2003 and Nagai et al. 2006), thin film calorimeter gauges (Miller 1981) and coaxial surface
thermocouple (Sanderson and Sturtevant 2002, Mohammed et al. 2008). Nevertheless, thin film
sensors are easy to fabricate, cost effective and offer instantaneous surface temperature
measurements. The economical and precise measurement, higher sensitivity and most
importantly rapid response times (as low as 1js) are the important traits of the thin film sensors
over the contemporary measurement techniques (Sahoo 2003). The advantages of the heat
transfer gauges were realized long back and this technique was implemented for measurement of
surface temperatures or heat flux in internal combustion engines (Chana and Wilson 2001), gas
turbine applications (Dunn and Holt. 1982, Korakianitis et al. 2002) and high speed flight
experiments (Sahoo and Peetala 2010).

The heat flux measurement technique has received a promising means to obtain the
transient temperatures and subsequent prediction of surface heat flux (Sahoo 2003). Moreover

these handmade thermal sensors can be fabricated in-house and thus becomes cost effective as
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discussed in previous chapters. However, it is necessary to dynamically calibrate the heat
transfer gauges before being installed into the surface for accurate prediction of surface heat flux.
The dynamic calibration methodology of such types of thermal sensors involves the basic modes
of heat transfer such as conduction, convection and radiation. Smith et al. (1999) reported the
convection and radiation based calibration of heat flux micro-sensors. The radiation based
calibration was performed by exposing the thermal sensors to a heat lamp while convective heat
flux was generated by a flow in a transonic wind tunnel. The heat flux micro sensor consisted of
a differential thermopile (made out of 280 thermocouple pairs) and a resistance temperature
sensor. Holmberg and Diller (1995) used similar heat flux micro RTD sensors in a convective
facility to measure transient temperatures and predicted surface heat flux by using one
dimensional semi-infinite heat conduction model.

With respect to application of heat transfer gauges for short duration impulse facilities,
the dynamic calibration methods are not well established. In these facilities, the aerodynamic
body generally experiences step heating loads for a very short duration which is in the order of
few milliseconds. The transient heat fluxes are then estimated by measuring temperature history
using heat transfer gauges mounted at appropriate locations on the aerodynamic body. However,
before using these heat transfer gauges in the impulse facilities, it is necessary to calibrate them
in the laboratory with similar nature of known heating loads in order to account for the errors in
the ground based experimentation. One of the methods is to expose these thermal sensors with
known input wattage and obtain the surface temperature history and compare them with
theoretical and numerical results. So, the present investigations are concerned with radiation and
conduction based dynamic calibration of the heat transfer gauges. Step heating loads are applied

on the sensing element of the heat transfer gauges using a laser light and constant heat flux based
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heater of known input wattage. Transient temperature data’s are recorded for different time
intervals under various step heat loading conditions in the range of 20-90kW/m? at different time
intervals. This is one of the important advantages of laser based dynamic calibration where the
gradual variation of heating loads is possible as compared to a heat lamp. Being highly
directional, laser beams have very small divergence, thus reduces the sources of errors. The
temperature histories obtained from the heat transfer gauges are then used to recover the input
wattage using various numerical technique and analytical solutions. The details of dynamic
calibration based experimental setup, measurement of transient temperature history and transient

heating rates are described in the following sections.

5.2 Dynamic Calibration Experiments and Computational Analysis

The important objective of the present work is to establish a simple dynamic calibration based
experimental set up to perform radiation and conduction based experiments with handmade heat
transfer gauges. With same heating loads, finite element simulation and analytical analysis is
performed for gauge substrate system using commercial package ANSY'S to recover the surface
temperatures. Also, one dimensional heat transfer modeling is used to recover the transient
surface heat flux from the temperature histories. Subsequently, the experimental results at
different step input load are compared with the simulation to justify the feasibility of radiation

and conduction based measurements with heat transfer gauges.

5.2.1 Radiation based Experimental Calibration Technique

Most of the high altitude, near-realistic flight conditions are simulated in the ground based
impulse facilities such as shock tunnels/expansion tubes where the test times are in the order of
few milliseconds or less (Vidal 1956, Schultz and Jones 1973, Sahoo 2003, Modarress and

Azzazy 1988, Simmons 1995). The convective surface heating rate measurements are performed
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over the aerodynamic model by using heat transfer gauges mainly because of its high response
time. Secondly, the model experiences sudden heating load in this short time scale of
measurement. In order to calibrate the thermal sensors for such flow conditions, experiments are
performed by applying step heat load from the laser light of known input wattage. The schematic
diagram and experimental set up, especially built for this experiment is shown in Fig. 5.1 and
Fig. 5.2. Continuous wave type laser (manufactured by Spectra—Physics Lasers, USA) with wave
length of 514nm is used. A convex focal length of 20cm is used to focus the laser source on the
heat transfer gauges. Equal distance of 20cm is maintained between the heat transfer gauges, lens
and laser source. Constant current of 10mA is supplied to the thin film sensor during these
experiments. Step heat load is applied to the sensing area of the heat transfer gauges by
projecting laser light on the sensing element. The laser beam is enlarged by a microscope lens
that provides illumination for larger area (0.22mm?) of the thermal sensors. Change in output
voltage signals due to heat load across the thermal sensor has been measured for the different
time duration by using a signal measuring instrument (data acquisition system) for platinum thin
film gauge, nano-material based platinum thin film gauge and coaxial thermocouple and, are
shown in Figs. (5.3-5.5). The raw voltage signals are digitally smoothened by using moving
average filter techniques by considering suitable number of data points without distorting the
trends of the signals. From the measured voltage signal, the temperature data are then obtained
by using the value of thermal coefficient of resistance as discussed in the sec. 4.2 previous
chapters, the comparison between transient temperature histories measured by using heat transfer
gauges or thermal sensors are as shown in Fig. 5.6. This experimental procedure is repeated to
conduct experiments with different input wattage values of heat fluxes at different time intervals

by adjusting the input laser wattage.
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Fig. 5.1: Schematic diagram of radiation or laser based experimental setup for dynamic
calibration of heat transfer gauges
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Fig. 5.2: Laboratry setup for radiation or laser based experiment

96
TH-1195_08610309



0.1027

. Heatinput = 70KW/m’
0.1026}F ............ (Ongml Slg‘al) 444444444444 ,,,,,,,,,,, .
0.1025F ......... (RS N1 'S S 1
€0.1024 ........... : 1 el R RS R RS SR
) ¢
201023l i
°
~ 0.1022} :
0.1021 1
0.102 M e ciiandasiaqanriaagoriaannssna .......... O STt J
: : [— Platinum Sensor
0.1019 = -
0 2 4 6 8 10 12
Time (ms)
(@)
0.1027 — —
. Heat input = 70KW/m :
0.1026} .. (28 point moving average filter) .
0.1025 |- : : :
(&
o
.5,_?0.1023
IC
>

0.1022

0.1021 Hovvovievie

0.102¢} : : :
: 3 — Platinum Sensor
1019 L < l
” 0 2 4 6 8 10 12

Time (ms)

(b)
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Fig. 5.6: Comparison of temperature histories for various types of heat transfer gauges at
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5.2.2 Conduction based Experimental Calibration Technique

The main task of the dynamic calibration based experimental set up is to supply constant heat
flux of known input wattage to the heat transfer gauges for conduction mode of heat transfer. For
this purpose, present set-up is comprised of a constant power supply source, thermally insulated
metallic (copper) rod, constant current source (CCS) and computer based data acquisition system
(DAS). The schematic diagram and experimental set up, especially built for this experiment is
shown in Fig. 5.7, Fig. 5.8 and Fig. 5.9. The role of the constant power supply source is to give
out constant heat flux to one end of the insulated copper rod. A regulator and two indicators are
provided with the power source. The regulator is primarily used to control the heat flux supplied
to the metallic rod surface where one of the indicators displays the same. However, the other
indicator monitors the surface temperature of the metallic rod where heat is supplied through the

power source. Thus, one end of the copper rod is heated while the other end is exposed to the
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surroundings and all other surfaces are completely insulated with Teflon. Hence, heat is
conducted from one end to the other with minimal loss through the surrounding surface. During
the experiment, metallic rod achieves a constant temperature gradient along its length due to
heating at one end and natural cooling at the other end for the presently used source heat flux
values. Measurement of steady state temperature at the two ends of the rod gives the established
temperature gradient and the steady state conduction heat flux set in the rod. This value is used
as the source of known conduction heat flux applied to the heat transfer gauges. Conduction
based dynamic calibration experiments are performed with different values of input heat fluxes
by adjusting the input wattage. The thermal sensor which is initially at room temperature is
brought suddenly in contact with the smooth surface of the copper rod to apply the step heat flux.
The voltage signals are recorded for the different time duration by using a data acquisition
system. With the knowledge of TCR, the transient temperature data is obtained from the voltage
signal. Same procedure is repeated with all handmade thermal sensors with different step input
heating loads to obtain the temperature histories for platinum based thin film gauge, nano-
material based platinum thin film gauge and coaxial thermocouple. The schematic diagrams are

shown in Figs. 5.10(a-d), Fig. 5.11 and Fig. 5.12(a-d).

Heat flux Temperature Heater
indicator indicator
Insulated rod <
iConstant power Sensor .
SOUCE < PC
Eegulator <——w» . L s
e

Fig. 5.7: Schematic diagram of an experimental setup for conduction based calibration of heat
transfer gauges
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()
Fig. 5.8: Laboratry set up for (a.) Constant heat flux type heater and (b.) PC based data
acquisition system
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Fig. 5.9: Heater plate surface
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Fig. 5.12: Transient temperature signals for coaxial thermocouple at radiation and conduction
based step heat load

5.2.3 Finite Element Simulation

Computational analysis has also been carried out for the dynamic calibration experiments using
commercial package ANSYS. It is mainly aimed at validating the experimentally obtained
transient surface temperatures for both the methods by comparing them with the numerically
simulated surface temperature histories for same values of step input heat loads at same time
intervals. For this purpose, the FE model of platinum based thin film gauges, platinum/CNT
based thin film gauges and coaxial thermocouple sensor models are prepared in the ANSYS
workbench for the geometrical configuration where the thickness for sensing film material is
10pm. The backing material (substrate) has a base diameter of 6mm and thickness 10mm,
respectively. During the experimental time scale of 11s as discussed in the sec. 3.4, these

dimensions are sufficient to justify the assumption of one dimensional semi-infinite body (Vidal
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1956, Schultz and Jones 1973). The schematic diagrams consisting of sensing junction and

substrate material are as shown in Fig. 5.13 and Fig. 5.14.
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Fig. 5.13: Schematic diagram of thin film gauge used for computational study
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Fig. 5.14: Geometric configuration of the coaxial thermocouple sensor
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The mesh generation for this dimension has been the important task since the sensing
material thickness part of the model is too thin compared to thickness of the substrate material.
Uniform square mesh of edge length 0.25um has been selected in the entire computational
domain consisting of sensing junction area and the substrate material after successful mesh
independent studies. The computational model along with the finite element mesh and boundary
conditions are as shown in Fig. 5.15(a-c) and Fig. 5.16(a-c) for thin film gauge and coaxial
thermocouple. Thermal properties of sensing material and substrate material used for simulation
are given in Table - 1 (Appendix — II). Referring to the Fig. 5.13 and Fig. 5.14, the initial and

boundary conditions used in the simulation are given below;

x=0; g, =—kl% fort>0 (5.1)
x=L; kl%:kz% and T, =T, (5.2)

where, T, and T, are the temperature variations with time (t)across the sensing material and
substrate material, k; and k, are thermal conductivities of sensing junction and substrate

material, respectively, ¢, is the surface heat flux measured atx=0 and the side walls of the

thermal sensor is adiabatic. The thickness of sensing material is very small so that the interface
thermal resistance (between sensing junction and substrate material) can be neglected (Vidal
1956, Schultz and Jones 1973). The simulation is performed by using ANSYS one dimensional
heat conduction solver for various step heating loads. The step heat flux signals measured by
using numerical inverse analysis for short duration 10ms is as shown in Fig. 5.17. The
temperature contour for platinum thin film gauge, platinum/CNT thin film gauge and coaxial

thermocouple sensor are obtained for the input heat flux as shown in Fig. 5.18 (a-d). During the
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simulation time scale of 10ms, more than half of the bottom part of the gauge is seen to retain the
initial temperature of 300K that clearly provides the evidence for validity of the semi-infinite
assumption required for heat flux recovery for very small experimental durations. This analysis
shows that heat transfer gauges satisfy the semi-infinite assumptions for short duration heat flux
applied on the sensor for the step input load. This procedure is repeated at different time
intervals, by adjusting the input wattage and compared with experimental results as shown in
Fig. 5.10(a-d), Fig. 5.11, Fig. 5.12(a-d) and Fig. 5.19(a-d). The parabolic nature of the
temperature plots ensures the nature of applied step heat flux on the heat transfer gauges (Taler
1996). The temperature histories obtained using experiment and finite element technique portray
almost same trend and magnitude for a given step heat flux. Similar nature of temperature signals
are obtained for different values of surface heat fluxes. The results also indicate that the trends of
temperature variations in both types are same as well as all results are very much closed, very
small difference occurs between them due to thermal property (thermal conductivity, density and
specific heat) of the gauge and substrate materials. Initially temperature rises instantaneously and

then they are completely close to each other at all values of input heat fluxes.

Platinum

Interface

Pyrex

(a) (b) ()
Fig. 5.15: Geometric configuration of the platinum film mounted on a pyrex substrate
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Fig. 5.16: Geometric configuration of the coaxial thermocouple (a) computational model of the

thermocouple elements (b) sensing junction and substrate material (c) vertical enlarged view to
show the finite element mesh
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Fig. 5.17: Typical time-heat flux signal obtained from numerical inverse analysis
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(c) (d)
Fig. 5.18: Contours of total temperature distribution of (a) Platinum thin film gauge for 10ms
duration (b) Platinum thin film gauge for 10s duration (c) Platinum/CNT thin film gauge for
10ms duration and (d) Coaxial thermocouple sensor for 10ms duration
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Fig. 5.19: Comparison of transient temperature signals for platinum thin film gauge at
radiation based step heat load
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5.2.4 Determination of Temperature History from Analytical Formulation

Transient temperature data can also be obtained from analytical formulation for the present heat
transfer gauge configuration from constant heat flux by using one dimensional heat conduction
equation with semi-infinite assumption for the backing material. This formulation can be
obtained by solving one dimensional unsteady heat conduction equation using Laplace
Transform technique (Carslaw and Jaeger 1959),

. z(qs/&)k«/(alr)/fr exp( e j_(qs//x)x{l_erf LJ 53)

i 40512' kl 2 a,t

Where, T, is the ambient temperature, A, is the cross-sectional area of the sensing material,

al(: K j is the thermal diffusivity of gauge or sensing gauge materials and 7 is the time
PiCy

variable. Therefore, temperature history for the step heat load on the top surface of the sensing

junction material (x =O)as shown in Fig. 5.20 (heat transfer gauge or semi-infinite body) can be

calculated from Eq. 5.3 and the expression is given by,

T, = Z(qS/A*)kV(O‘lT)/” +T, (5.4)

The temperature signals obtained from experiments for the heat loads and its comparison with
simulated and analytical temperature history are shown in the Fig. 5.19(a-d). It is found that
temperature rises instantaneously in the initial period and the trend of temperature variation is
parabolic in all the cases. The parabolic rise of temperature plots ensures the analogous behavior
with respect to the use of heat transfer gauges in transient applications. The temperature histories

obtained using experiment, FEM and analytical techniques show almost same results. However,
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the minor difference in the temperature signals obtained from the simulation, in comparison with
the experimental signal, could be due to the use of standard thermal properties for sensing

junction and substrate materials during simulation.

Than filtn

s 5 —= Insulated material

X s

Fig. 5.20: Schematic diagram of the one dimensional semi-infinite body

5.3 One Dimensional Heat Conduction Theory

The heat transfer gauge measures the change in surface temperature of the body on which it is
mounted and does not replicate the surface heating rates. The determination of the surface heat
flux from the temperature signal is based on the theory of one dimensional heat conduction into a
semi-infinite body (Schultz and Jones 1973, Taler 1996). However, the theory for heat
conduction in non-homogeneous body can be used to relate the surface temperature history to the
rate of heat transfer to the body. Since heat transfer gauge is mounted on a backing material, the
gauge along with the backing material becomes a non-homogeneous body with two regions
1(sensing junction) and 2 (substrate material) as shown in Fig. 5.13 and Fig. 5.14. For thin film
gauge and coaxial thermocouple, they represent dissimilar materials with dissimilar thermal and
physical properties. Since the thickness of sensing material is in the order of a few microns, its
edge area would be negligible and hence the lateral heat transfer will also be small in comparison
with the longitudinal heat transfer. Hence, it is possible to use a one dimensional heat conduction
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model for this analysis. The backing substrate material used in this case is an extremely good
thermal insulator material and considering a test time of millisecond, a 10mm thick strip of
substrate material can be considered to be infinitely thick for these purposes.

The determination of the surface heat flux from the temperature signal is based on the
theory of one dimensional heat conduction into a semi-infinite body. Governing equation for
surface heat transfer rate is based on some assumptions: (i) Temperature measure by sensing
element is identical to the temperature of surface of the substrate; (ii) There is no lateral heat
conduction through the substrate and that heat is conducted only in the direction normal to the
surface; (iii) Thermal properties of the substrate materials are constant during experiment,
because experimental time period is very small. Using these assumptions the transient

temperature distribution T (t)along the depth of the sensing material (mediuml) and substrate

material (medium2) as shown in Fig.5.13 and Fig.5.14 can be written as in second order

differential form such as,

2

R C T (5.5)
ox* \a ) ot

2

0T, - i @ (5.6)
ox* \a,) ot

The suffix 1 and 2 indicates sensing junction and substrate materials of the heat transfer gauges.

o= ot is the thermal diffusivity of the material (sensing junction material or substrate material
Y2,

of the RTD sensor) defined in terms of o, ¢ and kare the density, specific heat and thermal
conductivity of the materials. If the surface heat fluxes apply at the heat transfer gauge surface is

g (t)then boundary conditions are,
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oT,

t)y=—k, — at x=0 5.7
q (1) =k, o (5.7)

And at the interface between regions 1 and 2,
kl% _k, % and  T,=T, (5.8)

For semi-infinite body extending from x=Lto X—oo, the boundary conditions at both the
boundaries are known, i.e., x=L,T,=T,(L),(dT,/&)=0 and x—oo;T, =T, (uniform room
temperature). When solving the Eq.5.5 and EQq.5.6 for constant thermal properties of the substrate

material then time dependent solution of the surface heating rates is given by the convolution

integral (Taler 1996).

0, ()= |2 2Lk, {T (), 1 j;T (EZ:I)(T) dr (5.9)

Jto2
Where, p,, ¢, andk, are density, specific heat and thermal conductivity of the substrate materials

are taken from Table - 1 (Appendix - I1). Numerical integration of the second part of the Eq.5.9,
are used to determine the transient heat transfer rate but there is a singularity att =z therefore the
surface heat fluxes obtained by cubic spline approaches adopted to predict the surface heating
rates from the temperature data namely.

An observation of the time temperature curve (Fig. 5.6) reveals that small segments of the
curve can be closely approximated by cubic spline as shown in Eq. 5.10. In particular, a cubic
spline is a piecewise cubic polynomial, constructed in such a way that second derivative
continuity is preserved (Boor 1978). The experimental temperature is represented by a third

order spline in the form of
1 1
T (T)}spline =ay;+a,,(r—7)+ 2 &, (r—7)"+ 6 a,,(r—7,)° (5.10)
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Forr,<7r<r,,

i=12,....,M (5.11)

Here, 7= s, tis scaled time and s, is the scaling factor. The constant appearing in this can be

determined by the following expressions;

a; =T(z), (5.12)

a, =T'(z))= dTé(TTi) = S—lt dT(‘jEt‘) , (5.13)

2y =T () = L) -2 g (5.14)

and a,;=T"(z,)= d%i(ri)zigd&ri(ti) (5.15)

dz® S
There is a sufficient flexibility in the cubic spline approximation to ensure that not only is
the smoothing spline is continuously differentiable on the interval, but also that it has a
continuous second derivative on the interval. The corresponding surface heat flux is obtained

from Eq. 5.9 with the help of cubic spline Eq. 5.10. The surface heat flux is given by the

following expression for M =1,2,...(J -1),

W }
V2 pu2 32 p3
2 .k, Vi(P‘ R )_?(Pi R )
T =
{qs(t)}sp“ne: =1 10 (P_s/z Ri5/2) \/g (5.16)
P:LK, v2 Wy 32, UM 5 502
+2,P2 [VMPM UR, 2+ 2N P,
Where,
I:>i =Ty T R =Ty — T (5.17)
a;
Fi=ay +a, R+ o B2+ U R (5.18)
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Vi:dz' I :a2,i+a3,iR+;RZ; (5.19)
M +1
d°F,
W, :dz_z—':as,i +a,;R; (5.20)
M +1

Using this established procedure, the heat fluxes are predicted from the temperature history with
known values of thermal properties of the substrate material, and then compared with the input
heat fluxes. This procedure has been followed not only for the experimentally obtained
temperature signal but also from the finite element method simulation and the analytical
formulation. The one dimensional surface heat fluxes obtained from this analysis for platinum
TFGs, nano-material based platinum TFGs and coaxial thermocouple are compared with input
heat supply, as shown in Fig. 5.21, Fig. 5.22(a-d), Fig. 5.23, Fig. 5.24(a-d) and Fig. 5.25(a-d) at
different step heating loads. Temporal nature of the heat flux and temperature traces obtained
from present investigations compare well with the same reported in the literature (Billiard et al.
2002). These results show that a very good recovery of input, experimental, numerical and
analytical distribution of heat fluxes data and heat fluxes varies incompletely linear fashion with
time. The trends of surface heat flux obtained from semi-infinite method indicates that heat flux
values first rises to critical values after that it increases linearly with time which is very much
closer with input heat supply. This observation reconfirms the uni-directionally of heat transfer
and semi-infinite thickness of the substrate material. So, the third order cubic-spline temperature
distribution is a very good approximation of estimating a one dimensional surface heat flux for
shorter and longer duration experimental data. The recovered values of surface heat flux from
transient temperatures using convolution integral provide under-prediction by 1.6%, 2.4% and
4.1% for platinum based thin film gauges, platinum/CNT based thin film gauges and coaxial

thermocouple from the known input heating loads supplied during dynamic calibration

120
TH-1195_08610309



experiments. Overall, the results indicate a satisfactory agreement between the applied and
recovered heat flux signals in terms of trend and magnitude. Therefore, these dynamic
calibration based experiments demonstrate the applicability of the heat transfer gauges for
radiation and conduction based heat transfer measurement analysis. However, implementation of
these heat transfer gauges or thermal sensors for particular applications like thermal property
estimation needs further investigations for optimization of heat transfer gauges dimensions
(thickness and diameter of gauge and substrate materials) in order to achieve proper prediction

with minimum disturbance to the temperature and heat flux field in the solid domain.
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Fig. 5.21: Comparison of heat fluxes histories for various types of heat transfer gauges at

radiation based step heat loads
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Fig. 5.24: Transient heat flux signals for coaxial thermocouple sensor at radiation and conduction
based step heat load

35

Heat input = 30K W/’
S Poaviisiiepimiaas B e e rrrr -
st S
& |
v 20P ..... .
= -
= <
g :
m 15+ e
——— Input heat supply
10 ——— Analytical
. |==—-FEM
: l ......... Expefifnenta]
-2 0 2 4 6 8 10 12
Time (s)
@
126

TH-1195_08610309



TH-1195_08610309

=]

W
a

8

ta

Heat flux (KW/m?)

[
<

[
wn

10

Heat input = 35K W/n?

~—~ Analytical

=
o

-2 0 2 4

&
(=

w
i

...........

g

(o]
o

Heat flux (KW/m?)

[
o

CraahtrteMLE ety aeh

------------------------------

~——— Input heat supply

~—~ Analytical

15



50

I:-Ieat iIIF:Il]I = 45:KWa’m?;
A5 e e I, S
E 40}
g
b 35 r
=]
=
B
30+
——— Input heat supply
251 ; o ——~ Analytical
- i |='='- FEM
o : - | Experimental
-2 0 2 4 6 8 10 12
Time (s)
(D

Fig. 5.25: Comparison of transient surface heat flux signals for platinum thin film sensor at
radiation based step heat load

5.4 Summary

The accurate surface heat fluxes predictions from temperature history are very important for
which dynamic calibrations of heat transfer gauges are required. It is also necessary to
investigate the trends of thermal phenomena for the handmade heat transfer gauges. Radiation
and conduction based dynamic calibration techniques are seen to be viable calibration techniques
to replicate the step heat loads which is commonly encountered in high speed flow situations.
The step heating load based dynamic calibration technique has proved that the handmade heat
transfer gauges can be used to accurately measure the surface temperature in highly transient
facilities when constant heat fluxes are applied on the sensing junction of the handmade thermal
sensors. Surface heat flux is calculated from numerical and analytical analysis indicates that the

distribution of surface heat flux on the gauge material varies linearly with time. While comparing
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them with experimental signals, some deviations are noticed which may be due to the thermal
property values used during simulation. The average value of deviation for platinum TFGs,
nano-material based platinum TFGs and coaxial thermocouple are 1.6%, 2.4% and 4.1%
respectively. Therefore, the well dispersed and very small sensing junction provides the ability to
fabricate a highly sensitive heat transfer gauges in the laboratory. Moreover, they can be
calibrated for the prediction of surface heat fluxes by the use of simple low cost laboratory

instruments.
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Chapter -6

Stagnation Point Heat Flux Measurement with Heat Transfer

Gauges

Measurement of surface heating rates of a fluid flow during an experiment is the most
fundamental and vital to obtain certain key information of the flow field. Some important
applications include wall heat transfer rates in a boundary layer, stagnation heat fluxes at the
nose tip of a blunt body, rear body heat fluxes due to generation of vortices etc. With respect to
aerodynamic heating point of view, the estimation of stagnation heat fluxes at the nose tip of a
blunt body is very vital. In the previous sections, the author have discussed the design and
fabrication procedures of heat transfer gauges, their static and dynamic calibrations under certain
situations where there is a sudden increase in heat loads (such as step/ramp/impulse etc). Now, it
is felt that these heat transfer gauges should be demonstrated for real time experiments to infer
the surface temperature history. When a blunt body is exposed to a high speed flow, the heat
transfer is expected to be the maximum at the stagnation point (i.e. the nose tip of the body).
Using the techniques discussed in the previous sections, the stagnation point probes are
fabricated for platinum thin films, platinum-CNT thin film gauges and coaxial thermocouple.
Also, an experimental setup is fabricated to generate a heated sonic jet and all the in house
fabricated gauges are exposed to this flow. The numerical technique (Fluent CFD) is used to
found the exact location where maximum energy is expected and accordingly the stagnation
probes are placed at that location. The transient surface temperatures recorded from these heat
transfer gauges are processed through one-dimensional heat conduction modeling to infer the
stagnation heat fluxes. Subsequently, they are also compared with the numerical techniques and

the agreements are found to be very good.
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6.1 Introduction

“Aerodynamic heating” is one of the key considerations for the design of high speed vehicles
and the prediction of surface heat fluxes on the aerodynamic surfaces becomes crucial parameter.
In the design aspects of high speed flow, a ‘stagnation point’ occurs at some point on the surface
of the body, where the fluid is brought to rest. In other words, the fluid velocity becomes zero
and all the kinetic energy is converted into heat energy. Obviously, the heat flux is the maximum
at this point leading to a very high value of temperature and pressure. As a quantitative estimate,

Hankley (1989) proposed the energy balance using the first law of thermodynamics, when a slug

of mass(m), moving at velocity (V) is brought to rest. It leads to the fact that the entire kinetic
energy is converted to heat energy(Q) as given below;

2
lmv2 :Q :)2:\/— (61)
2 m 2

For a sonic velocity of 340 m/s, the specific thermal load (Q/ m) Is expected to be 58kJ/kg and it
is interpreted as the stagnation heating rate. If the specific heat capacities is denoted asc,, then

the above equation can be used to obtain the stagnation temperature.

VZ

T =~
° 2,

(6.2)

Stagnation point is the location on a body that experiences maximum temperature and heat flux
as compared to other locations. Normally, the temperature at the stagnation point is measured
through surface thermometry methods like thin film gauges and coaxial surface junction
thermocouple sensors. They provide the surface temperature history of the body, which is then
used to determine the surface heat flux on to it by using the theory of unsteady, one dimensional

heat conduction into a semi-infinite substrate (Rose 1958, Rumsey and Lee 1959, Trimmer and
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Clark 1969). The measurements of transient heat transfer in high speed flow test facilities are
normally performed with surface temperature sensing device and the time resolved data are
processed to obtain surface heat flux with inverse numerical equations (Cook and Felderman
1966, Diller and Kidd 1996). Some of the resistance temperature detector sensors are thin film
resistance thermometer (Miller 1981 and Wannenwetsch 1985), coaxial thermocouple (Kidd
1990) and temperature sensitive paint (Mosharov et al. 2003 and Nagai et al. 2006). Different
techniques to heat models prior to arrival of the test flow in blow down wind tunnels have also
been discussed (Lee et al. 1994 and Martinez et al. 1995). All of these devices or methods have
significant deficiencies which could possibly contribute to degradation of the accuracy of the
measurement. Widhopf (1971) used a fast response calorimeter type heat transfer gauge with
sputtered thin film platinum thermometer to carry out the measurements in a hotshot tunnel.
Hubner et al. (2002) developed and investigate the application of high speed imaging and
luminescent coating techniques to measure full field surface heat transfer rates for indented cone
model. A new type of surface junction thermocouple sensor has been developed which has a
response time in the order of microseconds and is suitable for measuring large transient surface
heat fluxes in wind tunnels (Sanderson et al. 2002). Traditional optical methods such as liquid
crystals have been attempted to measure heat transfer rates because of short test time available in
impulse facilities (Merski 1998). There are other techniques used to view the thermal imaging of
the full field are a, thermal paints (Asai et al. 1997), infrared thermography (Luca et al. 1995)
and thermo-graphic phosphors (Micol 1995).) The thin film sensors made by vacuum deposition
of thin layer of platinum on a macor substrate is used to measure the stagnation point heat flux in
a shock tunnel (Reddy et al. 2009). They compared the results with analytic expressions for

stagnation point heat flux value (Fay-Riddell 1958) and with numerical methods. The classical
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theory of one dimensional, unsteady heat conduction into a semi-infinite medium, and design of
thermal sensors with reference to dimensionless thermal penetration depth, variation of material
properties like thermal diffusivity, thermal conductivity for alloys within the certain application
temperature range (100-450K) may be found in the references (Schultz et al. 1973, Sundqvist
1992 and Nag 2002).

In this present work, attempts have been made to demonstrate these handmade sensors for
real time experiments to acquire transient temperature data. Heat transfer measurement at the
stagnation point is chosen as the location of these sensors where the heat fluxes are expected to
be the maximum. For this purpose, an experimental setup is fabricated in house to generate
heated air jet at sonic velocity. An insulated heavy cylinder is designed in the laboratory, which
contains heated compressed air. The stagnation probes are designed and fabricated by mounting
the thin film sensors and coaxial thermocouple. After exposing the probes to these sonic jets, the
temperature signals are recorded. The stagnation heat fluxes are then obtained from one
dimensional heat conduction analysis with the semi-infinite substrate assumption. Using the
analytical expressions and computational study, the stagnation heat fluxes are also obtained and
compared with experiments. The real time experiments are also simulated using commercially
available software (FLUENT) to obtain the exact location of the sensor. Details of the stagnation
probes, experimental setup, computations at stagnation point and the comparison of experiments

are described in this chapter.

6.2 Measurement of Stagnation Point Heat Fluxes

6.2.1 Theoretical Analysis
Air is composed of molecules that are moving about in a random motion with different

instantaneous velocities and energies at different time intervals. However over a period of time,
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the average molecular velocity and energy can be defined and for a perfect gas, they are
functions of the temperature only. In this experimental work, compressed air flow occurs through
a nozzle attached to a huge reservoir or a solid cylinder as shown in Fig. 6.1. Flow exits the
reservoir through the nozzle if the back pressure is less than the reservoir pressure. Further, the
maximum velocity of the fluid exists at the nozzle throat where the area is smallest. When the

back pressure is further decreased, fluid exits the reservoir more rapidly. Eventually, the velocity

at the throat reaches the sonic velocity, for which flow Mach number is unity(M =1). Further,

decrease in back pressure will not increase the flow rate and the nozzle is said to be choked. This
principle is used here to obtain the sonic jet by maintaining the appropriate pressure ratio
(Anderson 1990). An isentropic relation for compressible flow exists to obtain the ratios of

stagnation to static flow conditions for temperature and pressure.

To g, 7712

T, 2 (6.3)

(6.4)
M=o Ve
a wf}/RT (6.5)

Where, T,and P, are total pressure and temperature, T, P_and V_ are stream temperature,

pressure and velocity, » is the specific heat ratio, ais the speed of sound in the medium, Ris

gas constant, M is Mach number. For air(y =1.4) , if the sonic flow has to occur, the above

equations can be simplified to obtain the stagnation to static pressure and temperature ratios as

given below;
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I_o —12; P g (6.6)
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~

Fig. 6.1: Laboratry set up for insulated solid cylinder with pressure gauge, heater and
thermocouple

6.2.2 Experimental Investigation

A highly compressed air is capable of producing flow conditions to study the flow fields over a
test model for durations which resembles the nature of an impulse facility. The aim of this work
is to prepare an experimental setup that can provide a high speed heated air flow to the in house
made heat transfer gauges and study their performances. Since, air is compressible; it can be
stored in a cylinder at very high pressure as shown in Fig. 6.1. Simultaneously, it can be heated
so that temperature can be increased. At this condition, the pressure and temperature inside the
reservoir/cylinder is indicated as stagnation values. When it is allowed to flow out in a controlled
manner through a small opening, a jet is likely to occur that expands in the atmosphere. When a
minimum pressure ratio given by Eq. (6.6) is maintained, the flow will be choked and the mass
flow rate can be calculated easily. In order to get the maximum advantage of the air jet, the heat
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transfer gauges are to be placed in the core flow region. So, the complete experimental setup
involves the design of appropriate stagnation probe and finding the appropriate locations in the
flow field. Special care is taken to assure an uninterrupted supply of fresh compressed air on the
junction together with the use of metals of low thermal conductivity, thus keeping heat transfer
and heat dissipation losses to a minimum.

In these experiments, stagnation probes are fabricated by mounting the thin films
(platinum and platinum-CNT) on the substrate material (macor). These probes resemble blunt
nosed spherical shapes as shown in Fig. 6.2, while a surface junction coaxial thermocouple is
shown in Fig. 6.3. These heat transfer gauges are fabricated and calibrated by same
methodologies that are discussed in the previous chapters. Since the thermal sensors are exposed
to high speed jets issued from the nozzle, it is necessary to electrically insulate the wire leads.
Sufficient care is taken during the mounting of the sensor into the probe tip to ensure that the

film is in flush with the contour of the probe.

Fig. 6.2: Thin film based heat transfer gauge over a blunt shaped spherical bodies with Macor as
substrate material
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Fig. 6.3: Fabrication of coaxial thermocouple in the laboratory

6.2.3 Numerical Analysis

The ever increasing advances in computer technology have enabled many in science and
engineering fields to apply numerical methods for simulating physical phenomena. Numerical
analysis is the study of algorithms that use numerical approximation for the problems of
mathematical analysis (as distinguished from discrete mathematics). These methods are often
divided into elementary ones such as finding the root of an equation, integrating a function or
solving a linear system of equations to intensive ones like the finite element method. The overall
goal of the field of numerical analysis is the design and analysis of techniques to give
approximate but accurate solutions for complicated problems. In the past, solving problems
numerically often meant a great deal of programming and numerical based problems and the
numerical stability is an important factor. An algorithm is called numerically stable if an error,
whatever its cause, does not grow to be much larger during the solution or calculation. This

happens if the problem is well conditioned, meaning that the solution changes marginally by a
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small amount when the data are changed by a small amount. To the contrary, if a problem is ill-
conditioned, then any small error in the data will grow to be a large error.

In this work, numerical simulations are intended for a sonic flow air jet expanding in
atmosphere. First, it is desired to obtain the appropriate location at which the gauges are to be
placed. Secondly, the flow field analysis has to be done so as to obtain expected trends of
transient heat flux and surface temperatures. All these analysis needs to be done under
experimental free stream conditions. For the four typical shots, the average value is taken for
analysis. The two dimensional geometry of the body has been created in Gambit software and the
structured grid is generated, with the number of cells being 441000. The mesh size has been kept
finer near the body walls, so as to capture the gradients accurately with the minimum side of a
cell. The computational analysis has also been carried out for the hot air flow based experiments
using commercial package CFD FLUENT in the two stages. In the first stage, a computational
domain and meshing of the cylindrical hollow pipe (20mm diameter) has been prepared in a flow
field by using GAMBIT WORKBENCH as shown in Fig. 6.4, through which a highly
compressed air exhausts to atmosphere. Referring to the Fig. 6.4, the boundary conditions used
in the simulation are, uniform temperature of 300K at the wall surface and outlet pressure as

atmospheric (1.01325 bar). The inlet pressure and temperature of hot air particles are P_andT_

calculated by using Eq. 6.3, Eq. 6.4 and Eq. 6.5, where the stagnation pressure and temperatures
are 16 bar and 347K, respectively. A pressure far field includes the free stream and inlet to the
computational domain. Wall is kept as adiabatic with no slip condition. Pressure outlet includes
the exit from the computational domain. The results are obtained for pressure and velocities flow
fields as shown in Figs. 6.5 and 6.6. The pressure contour indicates that pressure of the fluid

particle is constant through the pipe and gradually reduces when it expands. From Fig. 6.6, it is

138
TH-1195_08610309



seen that the velocity of the fluid is constant through the pipe but at a certain distance 14mm
from the nozzle tip, maximum value of jet is observed. At this point, the kinetic energy is the

maximum and is considered as the optimum location of stagnation probe.

Wall Outlet
-~ /7_
Inlet
T
20mm 100mm
N
M

"N Wall

Fig. 6.4: Computational model of a flow field

Fig. 6.5: Contour of velocity distribution along the direction of flow field
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Fig. 6.6: Contour of pressure distribution along the direction of flow field

Further, the entire simulation study is repeated by placing the stagnation probe in the
flow field. The model of the hollow cylindrical pipe, sensor and flow field, all are centrally
placed or lies along the same axis as shown in Fig. 6.7. Here the diameter of nozzle pipe is
20mm and sensing surface of the thermal sensor is placed at a distance 14mm from the nozzle
tip. The mesh generation for this dimension has been the important task, since meshing of the
above part is done using square element in GAMBIT WORKBENCH software. The features for
the mesh that can be used for this special problem contain very small structures inside very large
structures as shown in Fig. 6.8. The boundary conditions used in the simulation are, all walls are
stationary and kept as adiabatic with no slip condition, these walls maintained at uniform
temperature 300K at the wall surfaces and outlet pressure as atmospheric (1.01325 bar). The inlet
pressure and temperature of hot air particles are P, andT_ calculated by using Eqg. 6.3, Eq. 6.4
and Eq. 6.5, where the stagnation pressure and temperatures are 16 bar and 347K, respectively.

The flow of hot air particles at inlet is viscous laminar flow. The results are obtained for velocity,

total pressure and static pressure contour obtained from numerical analysis are as shown in Figs.

140
TH-1195_08610309



6.9, Fig. 6.10 and Fig. 6.11. Here, it is found that when fluid particles collide with sensing
junction of the thermal sensor then velocity of the fluid particles reaches to zero value and
maximum amount of heat flux occurs at the sensing junction surface of blunt shape spherical
body. The velocity of air particles are also very close to zero at the sensing junction, indicate that
stagnation point occurs at the head of the thermal sensor and all kinetic energy has been

converted into heat energy.

Catlet
Inlet

20mum

Sensor

Fig. 6.7: Computational model of a blunt shaped spherical sensor in a flow field

Wi Outlet
o all / -
7]
Inlet
20mm j|26nm 100mm
14mm
'

~ Wall

Fig. 6.8: Finite volume mesh for the flow field with blunt shaped spherical sensor
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Fig. 6.9: Contour of velocity distribution along the direction of flow field

Fig. 6.10: Contour of total pressure distribution along the direction of flow field
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Fig. 6.11: Contour of static pressure distribution along the direction of flow field

6.2.4 Experimental Results and Discussions

With the knowledge of numerical investigations, the experimental facility for the open jet setup
is designed and the schematic diagram is shown in Fig. 6.12. Here, one air compressor is used to
fill highly compressed air inside the solid cylinder (the height and diameter of the cylinder is 38
cm and 21cm) and then air heated inside the cylinder with the help of a heating element. The
outer part of the cylinder is well insulated (Teflon) from the surroundings so that steady state
condition is reached after certain time interval. Steady state temperature of the hot air inside
cylinder is measured with the help of thermocouple and the pressure gauge indicates pressure of
hot air inside the cylinder. The hot air supply through the hollow cylindrical pipe is controlled by
a valve as shown in Fig. 6.12. The nozzle has circular cross section with constant diameter
(20mm diameter), is connected to the solid cylinder. The nozzle expands the flow up to sonic
velocity where the blunt nose test model and the thermal sensor are mounted on a rake. The heat
transfer gauge is directly connected from the output signal measuring instrument. During

experiment the total pressure and temperature of hot air inside the cylinder is measured as 16 bar
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and 347K, respectively as shown in Table 6.1. The output voltage signals from the heat transfer
gauges are recorded for the duration of 200ms. Further, the voltage signals are converted to
temperature-time histories with the knowledge of thermal coefficient of resistance as discussed
in the previous chapters. The experiments are repeated with three types of handmade sensors
(platinum based, platinum/CNT based and coaxial thermocouple) and the final temperature
signals obtained from these experiments for the hot air flows indicate that temperature rises
parabolic with time as shown in Figs. 6.13 (a-d). The parabolic rise of temperature plots ensures
the analogous behavior with respect to the use of sensors in shock tunnel (Schultz and Jones
1973, Sahoo 2003). For all the temperature signals shown in Figs. 6.13 (a-d), the surface heat
fluxes are measured. This procedure has been not only for the experimentally obtained
temperature signals but also for the temperature data obtained from the numerical simulation.
The inferred surface heat fluxes predicted from the temperature histories using Eg. 5.16 are
shown in Figs. 6.14 (a-d). The comparison between surface heat fluxes measured by these
handmade heat transfer gauges are as shown in Fig. 6.15. In these plots, the comparison between
output heat fluxes measured by different types of handmade heat transfer gauges are obtained for
same test conditions shows that platinum sensors are over predicting in comparison with coaxial
thermocouple and numerical values. The reason for this could be the thermal property of the
sensing materials or erosion of the platinum gauges that increased the resistance of the platinum
thin film during a test (continuous erosion within the test duration), due to which the
corresponding output was higher than the expected, considering the initial resistance of the
gauge. The other reason could be shape and size of the nozzle because in this experimental work
the nozzle is just a cylinder with constant diameter, it is very likely that there will be corner

separations, Mach number 1 will be achieved at the vena-contracta and supersonic flow may
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prevail at the exit of the nozzle. This could be also the reason why the heat fluxes recorded by
the thermal sensors are all higher than the numerically predicted results. However, for stagnation
point based experiments, there is a delay of 1ms for rise in surface heat fluxes. In all the cases,
there is an instantaneous rise in heat fluxes resembling the nature of step load rise

instantaneously.

Pressure gauge Thermocouple

25 Insulated cylinder
Heater =55 :

Fig. 6.12: Schematic diagram of the insulated solid cylinder with signal measuring source meter

Table. 6.1: Experimental test (flow) conditions at input

Shot — 1, Shot — 2, Shot — 3 and Shot — 4
Platinum Platinum/Nanomaterial Coaxial
based TFG based TFG Thermocouple
Total Pressure 16 16 16
(bar)
Total Temperature 347 347 347
(K)
Mach Number 1 1 1
Time duration 10 10 10
(ms)
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Fig. 6.13: Comparison of temperature histories for different types of heat transfer gauges
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Fig. 6.14: Comparison of heat fluxes histories for different types of heat transfer gauges
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Fig. 6.15: Comparison of numerical and experimental heat fluxes measured by different types of
heat transfer gauges at stagnation point

6.3 Summary

A new experimental facility of an open jet facility has been designed and successfully fabricated.
It is capable of producing heated air jet at sonic velocity and expanding in atmosphere. This
experimental setup is intended for stagnation point heat flux measurements of thin film gauges
and coaxial thermocouples. Three types of probes are designed and fabricated and each of them
has a different sensors. All these handmade sensors are calibrated for temperatures as well as for
the heat flux (dynamic calibration). Then, these sensors are exposed to the heated air issuing
from the open jet facility. The location of this stagnation probe is decided by exhaustive
numerical analysis. All experiments are repeated four times and the statistical analysis of relative

errors are calculated of each thermal sensor. This relative error is larger in the lower temperature
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regime, because the temperature difference is small. The experimental results are in closed
agreement with the numerical simulation. This experimental investigation demonstrates the
usability of these sensors for high speed flow conditions. Moreover, the gauges respond
immediately when the flow passes over the probe. At the same time, the parabolic temperature
rise and step heat fluxes resemble the behaviors similar to that of a shock tunnel as reported in
the literature. The experimental geometry used in this study, may be well suited for further
studies of the stagnation point heat fluxes. Accompanied by suitable modeling, this system is a

good choice for fundamental heat transfer measurement in the high speed flow fields.
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Chapter - 7
Conclusions and Scope for Future Research

Conclusions

Thin film gauges and coaxial thermocouple sensors for short duration transient measurements
have been successfully fabricated and calibrated in the laboratory. The static calibration is
performed to measure TCR and sensitivity of each of the thermal sensors. Radiation and
conduction based dynamic calibration is carried by exposing the thermal sensors to sudden
increase in step heat load. In order to evaluate the performance of the heat transfer gauges, the
experiments are performed to measure stagnation point heat flux rate. All the experimental
results are validated through numerical simulation with reasonable accuracy. These heat transfer
gauges find applications to capture transient temperature in the combustion chambers of internal
combustion engines and gas turbine blades etc. When mounted in flush on aerodynamic surfaces,
they are used to record surface temperatures of high speed air flows in short duration impulse
facilities such as shock tunnels, wind tunnels etc.

The use of thin film sensors for measuring the surface heat flux has many limitations
because of cost involved in making such sensors. Also, with prolonged use in high speed flow
situations, the thin film can get easily worn out after a few shots, normally five or six shots. In
such cases, the gauges lose the adequate resistance and need to be re-fabricated by painting the
film again on the substrate surface. Besides, the thin films are passive sensors that require a
constant current to energize the system. When performing the measurements at stagnation point
of a body, there are experimental difficulties in mounting them exactly at the stagnation point
because the sensing film has a finite surface area. Moreover, exposing the gauges repeatedly for
the stagnation point may lose its resistances. With the above design and functional limitations of
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the thin film sensors, it is only desirable to have an alternative i.e. coaxial thermocouple as a
replacement. Since, the sensing area is a surface, the heat load any point in the surface will lead
to surface temperatures. Some of the relative advantages can be highlighted as given below.

- The thermocouple wires are easily available and quite economical. They can be easily
machined to form the surface junction without the need of any specialized methods like
sputtering, baking etc. as case of the platinum thin film gauges.

- Coaxial thermocouples are active sensors and generate their own thermal emf. So, they
do not require any external power source.

- Coaxial thermocouple sensors have rugged junction, and are generally created by
sanding, abrasive paper or scalpel scratch across the thermo elements. So, they have
capability to withstand harsh condition of flow situations. Any wear due to the flow
creates new micro junctions on the surface. These junctions can be easily refurbished
using a scalpel or sand paper to be made then ready for use again, hence giving an infinite
life to each sensor.

- This type of gauge is best suited for point-measurements typically at the stagnation point
on the surface.

- The only disadvantage of coaxial thermocouples is that they are an order of magnitude
less sensitive than platinum thin film sensors. Accuracy becomes an important issue
when they are used in the flow situations where low values of surface heat fluxes (~1
kW/m?) are expected.

The overall comments from this investigation are summarized as follows:
e The handmade heat transfer gauges are rigid in construction and reusable. Moreover, they

can be fabricated through simple manufacturing techniques.
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e When the platinum is mixed with appropriate proportion of CNTs, the TCR and
sensitivity are enhanced by two times.

e The sensitivity analysis through static calibration indicates that thin film gauges are best
suited for low as well of high values of heat fluxes. However, in the flow situations where
high values of surface heat fluxes (~ 100kW/m?) is expected, the adhesiveness of thin film on
the substrate may reduce and they become more prone towards wear and tear. In such
applications, it is advisable to use coaxial thermocouples because it is rigid in construction
and sensing surface can withstand harsh flow conditions.

e The dynamic calibration tests suggest that all the heat transfer gauges can be used for
short duration transient measurements for sudden increase in step heat loads.

e The stagnation point heat flux measurements ensure the capabilities of the handmade heat
transfer gauges in a real experimental situations. Being small in sizes, all the sensors can be
flush-mounted on the experimental surfaces.

e Due to very small response time (~few microseconds), it is expected that these heat
transfer gauges can be implemented in the experimental facilities where the test flow
durations are in the range of few milliseconds or less.

e Among all the heat transfer gauges, the coaxial thermocouple incurs least cost while
platinum inks/pastes are precious materials. However, the well dispersed and very small
amount of platinum supported CNTs have the ability to fabricate high sensitive thermal
sensors. It may become cost effective for mass production processes.

e The handmade thin film gauges are very useful in the laboratory experiments. In case of
any loss of adhesiveness of film on the substrate material, the film can be repainted on the
same substrate. Many improved manufacturing techniques such as sputtering and vacuum

deposition techniques are available for creating the thin film on the substrate surface.
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However, these techniques need the target gauge material in solid form and become cost
effective for mass production.

e Finally, it should be noted that extremely small thickness of co-axial thermocouple
junction and thin film gauge material, has the capability of measuring heat fluxes where the
available test flow durations are few milliseconds or even less. They find applications mostly

in short-duration impulse facilities shock tunnels, expansion tubes etc.

Scope of Future Work

Even after the exhaustive studies on heat transfer gauges, it is felt that there are ample scopes for
future research. Some of the recommendations are listed here.

e Sputtering techniques and vacuum deposition are some advanced techniques for
fabricating the heat transfer gauges. The performance (such as TCR, sensitivity etc) of
handmade sensors may be compared so that their usages in the laboratory scale is
justified.

e The surface morphology of CNT based platinum thin film sensors needs attention
because the thermal property enhancement has a definite bearing on microstructures of
the sensors.

e In the similar line, the micro scratches in the surface junction thermocouple can be
correlated with the response time of the coaxial thermocouple. A detailed microstructure
study in this area can provide valuable information.

e The heat transfer gauges may expose to even lower enthalpy levels so that its minimum

limit of performance is determined.
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e The stagnation point tests should be repeated using several heat transfer gauges under
several different flow velocities to confirm the reliabilities of the gauges. The ruggedness
of the films should also be tested by subjecting the resistance temperature detector to
flow with high Mach numbers.

e The sensor may also be used for other investigations like viscous drag determination over
a flat plate, conical shape body and the experimental results may be directly compared
with those of simulations.

e It would be more realistic if the performances of these handmade heat transfer gauges are
compared by using them in simple other applications such as in the shock tubes and

internal combustion engines.
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Appendix
Appendix - |

Materials and Instruments used for this Work

Fig. Al: Pyrex substrate material

(a) (b)
Fig. A2: Thin film Gauge materials (a) Platinum and (b) Silver
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Fig. A3: Digital Temperature Controlled Furnace

.

Fig. A4: Highly conducting materials (a) Platinum paste (b) Thinner and (¢) CNT powder
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Fig. A5: Mixture of platinum/CNT in a beaker
Tip sonicator is used to convert ultrasonic power supply 50/60 Hz into high frequency
mechanical vibrations. The ultrasonic vibrations are intensified by the probe and focused at the
tip where the atomization takes place. VCX digitally displays the actual amount of energy that
being delivered to the probe and terminates the ultrasonics when the desired amount of energy

has been dispensed.

Fig. A6: Experimental set up of the tip sonicator
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(© (d)

Fig. A7: Coaxial thermocouple wires and instrument (Grinding machine) used in this work
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(b)

Fig. A8: Sensor thickness measurement analysis by using (a) Experimental setup of profilometry
and (b) Dial-type Vernier Caliper
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Appendix - 11

Table.1: Thermal properties of gauge and substrate materials (Vidal 1956)

Thermal conductivity | Specific heat | Density

(W/m.K) (Ikg.K) (kg/m?*)
Platinum 72 130 21450
Nickel 91 540 8900
Silver 430 230 10490
Pyrex 1.1 840 2230
Macor 1.4 790 2520
Chromel 17.846 447.88 8730
Alumel 27.463 523.336 8600

Table.2: Thermal properties of nano materials (Hwang et al. 2006)

MWCNT | Fullerene | Cuo Sio, H,o | Ethylene | Oil
glycol
K 3000 0.4 765 | 138 | 0.613 | 0.252 0.107
(W/m.K)
Density 2.6 1.6 6.32 | 2.22 1 1.11 0.915
((g/cm®))
L 10-50 m 10 nm 33nm | 12nm
D 10-30 nm
Appendix - 1

Thermal Product of Chromel and Alumel Materials

Calibration of the thermocouple requires the determination of thermal product accurately. There

are two different thermocouple elements with an insulator in between them. The thermal product,
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(ﬂz«fpck)of the surface junction is influenced by the weighting factor of each material’s

thermal property. It is reasonable to use a weighing factor of 0.5 for each element. The coaxial
thermocouple wires (chromel and alumel) are purchased from the vendor in the form of chromel
wire of diameter 3.25mm and constantan wire of diameter 1.25mm respectively. For
determination of average thermal product of the substrate materials the following data were

generated from empirical relations as discussed in section 3.3.3.

Table.3: Thermal properties of alumel and chromel materials at different temperature
(Buttsworth 2001)

Thermal conductivity (W/m.K) Specific heat (J/kg.K)
Temperature (K) Alumel Chromel Alumel Chromel
300 27.463 17.846 523.336 447.88
300.1 27.46598 17.84791 523.3435 447.8979
300.2 27.46896 17.84982 523.351 447.9157
300.3 27.47194 17.85174 523.3585 447.9336
300.4 27.47492 17.85365 523.366 4479514
300.5 27.47791 17.85556 523.3736 447.9693
300.6 27.48089 17.85747 523.3811 447.9872
300.7 27.48387 17.85938 523.3886 448.005
300.8 27.48685 17.8613 523.3961 448.0229
300.9 27.48983 17.86321 523.4036 448.0407
301 27.49281 17.86512 523.4111 448.0586
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Table.4: The mean value of thermal product at different temperature

Temperature | Chromel (3,) | Alumel (3,) Mean ()
(K) IMPLK) | ImEPeK) | I(MESCK)
300 8353.306 11097.4 9725.355
300.2 8354.534 11098.771 9726.653
300.4 8355.762 11100.140 9727.951
300.6 8356.990 11101.508 9729.249
300.8 8358.218 11102.876 9730.547

301 8359.446 11104.243 9731.844
301.2 8360.673 11105.611 9733.142
301.4 8361.901 11106.979 9734.440
301.6 8363.129 11108.346 9735.738
301.8 8364.357 11109.714 9737.035

302 8365.584 11111.081 9738.333
302.2 8366.812 11112.448 9739.630
302.4 8368.040 11113.815 9740.928
302.6 8369.267 11115.182 9742.225
302.8 8370.495 11116.549 9743.522

303 8371.722 11117.916 9744.819
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Appendix - IV

Uncertainty Analysis

Uncertainty analysis also measure the ‘goodness’ of a result and without such a measurement, it
is impossible to judge the fitness of the value as a basis for making decisions relating to health,
safety, commerce or scientific excellence. Some form of analysis must be performed on all the
experimental data. The analysis may be a simple verbal appraisal of the results or it may take the
form of a complex theoretical analysis of the errors involved in the experiment and matching of
the data with fundamental physical principles. A method of estimating uncertainty in
experimental results has been presented by (Moffat 1985). The method is based on careful
specifications of the uncertainties in the various primary experimental measurements at different
experimental setup. For example, a certain pressure reading might be expressed as

P =100kN / m* +1kN / m? (A1)
Here, + notation is used to designate the uncertainty, the designation is stating the degree of
accuracy with which the measurement has been made. Suppose a set of measurements is made
then, the uncertainty in each measurement may be expressed with the same odds. These
measurements are used to calculate some desired results of the experiments, to estimate the
uncertainty in the calculated result on the basis of the uncertainties in the primary measurements.

The result R is a given function of the independent variables X, X,, X,........ X, . Thus,
R=R(X, X1 Xgurreen X)) (A.2)
Let w, be the uncertainty in the result and w,w,,w,........ w, be the uncertainties in the

independent variables. If the uncertainties in the independent variables are all given with the

same odds, then the uncertainty in the result having these odds is given as,
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W _[(ﬁle +(@W2J + s J{EW”J } (A.3)
F oX, OX, oX,

In the experimental investigations, uncertainty assessment deals with the accuracies involved in
the instruments and subsequently its effects in the global measurements. The instruments used in
the present investigations include laser source, heat conduction unit, oil-bath calibration unit,
data acquisition system involving amplifier and oscilloscopes. An INA 128 amplifier (eight pin,
dual in-line package and three op-amp design) that operates at a power supply of £18V has been
used in this work. This amplifier offers excellent accuracy by which the sensor output signal can
be amplified by 350 times by controlling a variable resistor attached to the circuit. Also, it filters
out the noise before the signal is recorded in the oscilloscope.

Based on the manufacturer’s specification the accuracy for thermometer, data acquisition
system, amplifier, oscilloscope, laser wattage and heat conduction unit are £0.01°C, +0.015%,
+0.015%, +0.02%, *0.01% and *0.12% respectively. The uncertainty analysis has been
performed by process for TCR, transient temperatures and heat flux calculations, by using
sequential perturbation technique as shown in Eq. A.3 (Moffat 1985). The average value of
overall uncertainties of temperature measurements and heat flux calculation, estimated in the
calibration experiments for platinum TFGs, Platinum/Nanomaterial based TFG and Coaxial
thermocouple sensors are as shown in Table. 5.

Table.5: Uncertainty values of handmade heat transfer gauges

Platinum based | Platinum/Nanomaterial Coaxial
TFG based TFG Thermocouple
TCR 10.23% 10.236% +0.25%
Transient temperature +0.28% +0.287% +0.30%
signals
Transient heat flux +0.32% 1+0.35% +0.40%
signals
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